PL-TR-93-3044 


PL-TR- 

93-3044 


Liquid  Stability  Mechanisms  Program  Final 
Report 

E.  L.  Peterson 
G«  Cox 
T.  T.  Evans 


United  Technologies  Corporation 
Pratt  &  Whitney 

Government  Engines  &  Space  Propulsion 
P.  O.  Box  109600 

West  Palm  Beach  FL  33410-9600 


August  1995 


Final  Report 


DTIC 

ELECTS 

I  SEP  2  9 1995| 

G 


1 9950927  1 40 


PHILLIPS  LABORATORY  wcraowD  » 

Propulsion  Directorate 

AIR  FORCE  MATERIEL  COMMAND 
EDWARDS  AIR  FORCE  BASE  CA  93524-7001 


NOTICE 


When  U.S.  Government  drawings,  specifications,  or  other  data  are  used  for  any  purpose 
other  than  a  definitely  related  Government  procurement  operation,  the  fact  that  the 
Government  may  have  formulated,  furnished,  or  in  any  way  supplied  the  said  drawings, 
specifications,  or  other  data,  is  not  to  be  regarded  by  implication  or  otherwise,  or  in  any  way 
licensing  the  holder  or  any  other  person  or  corporation,  or  conveying  any  rights  or  permission 
to  manufacture,  use  or  sell  any  patented  invention  that  may  be  related  thereto. 

FOREWORD 


This  report  was  prepared  by  United  Technologies  Corporation,  Pratt  &  Whitney,  West  Palm  Beach 
FL,  under  contract  F04611— 89— C— 0088,  for  Operating  Location  AC,  Phillips  Laboratory, 
Edwards  AFB,  CA.  93524-7048.  Project  Manager  for  Phillips  Laboratory  was  Jay  Levine. 

This  document  presents  the  final  report  for  the  Liquid  Stability  Mechanisms  Program.  The  work 
included  in  this  document  was  conducted  by  Pratt  &  Whitney/Govemment  Engines  and  Space 
Propulsion  (P&W/GESP)  of  United  Technologies  Corporation  in  conjunction  with  the  University 
of  California  Irvine  (UCI)  and  the  United  Technologies  Research  Center  (UTRC).  Major  contri¬ 
butions  to  this  report  were  provided  by  T.  W.  Eastes,  G.  S.  Samuelsen,  W.  A.  Sirignano,  and  C.  H. 
Chiang  of  UCI  and  T.  J.  Anderson,  M.  Winter,  and  L.  J.  Spadaccini  of  UTRC. 


STEPHEN  L.  ROD®ERS 
Director 

Propulsion  Sciences  Division 


RANNEYG-V^AMS,  III 
Public  Amdrs  Director 


REPORT  DOCUMENTATION  PAGE 

Form  Approved 

OMB  No  0704-0188 

fnrthfa  coIlgctkMi  of  iMformatkm  fa  estimated  to  •verage  1  hour  per  respoase,  inchidiiig  the  time  for  reviewing  instructions 
dsU  sovBVCS  gatbcitig  ud  the  data  aceded,  aad  complctiiig  and  leviewiag  the  coHectktt  of  informatioa.  Send 

CMBiBcats  legaxdtag  this  budn  estiiaate  or  aay  other  aspect  of  this  collectioa  of  iafonaation,  iadndlng  suggestions  for  redndng  this  harden  to 
WashiagtimHeadqiiartm  Services,  Directorate  for  Iaf«riaatioa  Operations  and  Reports,  1215  JefTerson  Davis  Highway,  Suite  1204,  Ariington,  VA 

22202-4302.  and  to  the  Office  of  Management  and  Budget,  Paperwork  Redaction  Prpjert  (0740-0188),  Washington  DC  20503^ - 

1.  AGENCY  USE  ONLY  OJAVE  BLANK  2.  REPORT  DATE  3.  RETORT  TYPE  AND  DATES  COVERED 

August  1995  Final  Dec  89  -  May  93 

4.  TITLE  AND  SUBTITLE 

Liquid  Stability  Mechanisms 

5.  FUNDING  NUMBERS 

Ci  F04<U-89-C-«0«8 

PE:  42302F 

PR:  S730 

TA:  003Z 

6.  AUTHOR(S) 

E.L.  Peterson;  G.B.  Cox;  T.T.  Evans 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

United  Technologies  Corporation 

Pratt  &  Whitney 

P.O.  Box  109600 

West  Palm  Beach  FL  33410-9600 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

9.  SPONSORING/MONirORlNG  AGENCY  NAM£(S)  AND  ADDRESS^ 

Phillips  Laboratory 

OLACPL/RKFA 

9  Antares  Road 

Edwards  AFB  CA  93524-7680 

10.  SPONSORING/MONITORING 

AGENCY  REPORT  NUMBER 

PL-TR-93-3044 

IL  SUPPLEMENTARY  NOTES 

COSATT  CODECS);  2102;  0704;  2005 

12a.  DISTRIBUTION/AVAILABILITY  STATEMENT 

APPROVED  FOR  PUBLIC  RELEASE;  DISTRIBUTION  IS  UNLIMITED 

12b.  DISTRIBUTION  CODE 

A 

proc^^^^articipa^g  in  liquid  rodeet  engine  hl^  ftequency  combustion  instability  are  not 
well  understood.  The  liquid  Stability  Mechanisms  (LSM^  program  investigated  the  potential,  fundamental 
mechdiiisins  of  vapoiizfltion  snd  socondaty  atomization*  Using  state— of— the—art  diagnostic  techniques,  the 
vaporization  rate  of  a  droplet  exposed  to  an  acoustic  perturbation  was  measured;  the  results  indicate  that 
the  transient  vaporization  response  is  greatly  affected  by  a  pressure  pulse*  A  multiphase,  continuous 
iiy  ection  droplet  vaporization  model  was  used  to  analytically  predict  droplet  vaporization  under  oscillatory 
conditions*  These  results  also  indicate  that  the  vaporization  response  is  strongly  affected  by  p^sure  waves 
and  is  capable  of  supplying  enough  enei^  to  support  an  ordered  oscillation  in  the  combustion  chamber* 
Shadowgraphic  cinematography  was  employed  to  study  the  secondary  atomization  process  in  a  newly  built, 
high-pressure  shock  tube*  Preliminary  results  were  obtained  of  droplet  breakup  under  Reynolds  number 
and  liquid-to^as  density  ratio  conditions  that  match  those  seen  under  supercritical  conditions  were  also 
obtained:  these  data  show  a  process  that  differs  from  typical  results  at  low  pressure. 

14.  SUBJECTTERMS 

combustion  instability,  supercritical  combustion,  liqnid-propellant 
rockets,  shock  tube,  droplet  vaporization,  secondary  atomization, 
laser  diagnostics 

15.  NUMBER  OF  PAGES 

16.  PRICE  CODE 

17.  SECmiTYCLASSIFlCAnCW  18.  SEOmiTY  ajW5SiFICAn(N4  If.  SECURnrCLASSIFlCAriON 

OFREPORT  WTHISPAGE  WABSTRACT 

Unclassified  Unclassified  Unclassified 

20.  LIMIlAnON  OF  ABSTTRACT 

SAR 

Standard  Form  298  (Rev  2-89) 


NSN  7540-010280-5500 


Prescribed  by  ANSI  Std  239-18 
298-102 


SUMMARY 


The  objective  of  the  Liquid  Stability  Mechanisms  program  was  to  experimentally  and 
analytically  explore  the  fundamental  mechanisms  which  contribute  to  high  frequency, 
liquid-propellant  rocket  combustion  instability.  Droplet  secondary  atomization  and 
vaporization  were  chosen  as  the  primary,  potential  mechanisms  for  study.  To  explore 
these  processes  experimentally,  unique,  non-intrusive  diagnostic  techniques  were 
developed.  A  parallel  analytical  study  employed  modem  computational  techniques  to 
investigate  the  droplet  vaporization  process  under  conditions  typically  seen  during 
combustion  instability. 

Experimental  investigation  of  the  vaporization  mechanism  explored  the  effect  of  a 
pressure  pulse  on  the  vaporization  of  a  droplet.  Via  creative  exploitation  of  morphology- 
dependent  resonances  (MDR’s)  from  fluorescent  methanol  and  water  droplets, 
information  regarding  the  transient  nature  of  the  drop  diameter  was  obtained.  These 
precise  data  were  taken  at  sub-critical  conditions  using  a  l-atm  shock  tube  generating  1.1- 
1.2  pressure  ratio  pulses.  The  transient  evaporation  of  the  droplet  in  the  first  few 
microseconds  after  wave  passage  was  found  to  be  very  high,  indicating  that  droplet 
vaporization  is  a  potential  stability  mechanism.  In  addition,  a  high-pressure  pulse  tube 
was  used  to  obtain  back-lit  images  of  a  LOX  droplet  in  sub-  and  super-critical 
environments  =  50  atm.)  interacting  with  a  pressure  wave.  These  images  show  a 
post-pulse  dispersion  of  the  droplet  that  is  drastically  different  from  typical  images  of 
droplets  at  atmospheric  pressure. 

For  the  secondary  atomization  experimental  effort,  a  high-pressure  (68-atm  test 
section)  shock  tube  was  designed  and  fabricated  to  simulate  a  steep-fronted  acoustic 
disturbance  (i.e.,  N-wave).  The  non-intrusive  diagnostic  developed  for  the  secondary 
atomization  investigation  involved  shadowgraphic  cinematography  with  a  32,000-Hertz 
copper  vapor  laser  as  the  light  source.  A  parallel  simulant  fluid  study  was  conducted  to 
determine  the  fluids  needed  to  best  simulate  the  acoustic  instability  of  a  high-pressure 
rocket  combustion  chamber.  An  ideal  test  matrix  was  formulated  to  cover  a  range  of 
Reynolds  numbers  from  100  to  65,000,  Weber  numbers  from  30  to  140,000,  and  liquid- 
to-gas  density  ratios  from  56  to  77.  Initial  tests  at  atmospheric  pressure  and  at  a  constant 
wave  strength  («  1.5)  and  initial  drop  diameter  («  120  (xm)  indicate  that  droplet  breakup 
time  decreases  with  increasing  wave  duration.  Maximum  product  drop  size  also 
decreases  with  increasing  wave  duration  and  WOmax- 

Efforts  in  the  computational  portion  of  the  program  concentrated  on  droplet 
vaporization.  These  studies  employed  an  advanced  variable-property  droplet  model 
which  calculates  both  the  gas  and  liquid  phase.  Application  of  the  model  to  a  continuous 
injection,  oscillatory  environment  resulted  in  a  value  for  the  vaporization  response  factor, 
or  gain,  of  the  system  as  a  function  of  oscillation  amplitude,  drop  configuration,  and 
oscillation  frequency.  It  was  shown  that  the  vaporization  response  can  be  sufficiently 
high  to  support  an  ordered  oscillation  in  the  combustion  chamber,  again  indicating  that 


vaporization  is  a  stability  mechanism.  When  applied  to  the  1-atm  vaporization  data,  the 
pulse  wave  was  modeled  as  a  step  response.  The  numerical  result  under-predicts  the  drop 
diameter  decrease.  This  is  most  likely  due  to  boundary  layer  stripping,  the  effects  of 
which  are  not  included  in  the  model. 
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INTRODUCTION 


Combustion  instability  in  liquid  propellant  rocket  engines  has  historically  been  a 
major  concern  in  engine  development  programs.  Despite  modeling  advances,  stability 
rating  programs,  and  injector/combustor  designs  that  avoid  instability,  unstable  operation 
is  still  encountered.  The  effects  of  operation  at  supercritical  pressures  on  combustion 
stability  are  also  of  concern  since  new  engines  are  projected  to  operate  at  high  chamber 
pressure.  Efforts  to  understand  the  mechanisms  driving  acoustic  combustion  instability, 
and  to  identify  remedies  when  instability  is  encountered,  are  still  needed.  Because  of  a 
lack  of  fundamental  understanding  of  how  combustion  instabilities  arise,  current 
approaches  for  control  of  combustion  instability  rely  on  damping  out  pressure  oscillations 
rather  than  preventing  their  occurrence. 

Organized  unsteadiness  in  the  combustion  processes  and  their  associated 
coupling  with  the  feed  system  dynamics  and/or  chamber  acoustic  modes  lead  to 
combustion  instabilities.  Energy  supplied  by  combustion  in  phase  with  chamber 
pressure  oscillations  causes  instability  according  to  the  Rayleigh  criterion  (1).  The 
consequences  can  be  very  destructive  and  include  such  manifestations  as  severe 
vibration  (>  1000  g  in  some  cases)  due  to  pressure  oscillations  (to  1000%  of  chamber 
pressure),  erosive  burning  of  chamber  walls  and  the  injector  face  due  to  excessive 
heat  transfer  rates,  decreased  combustion  efficiency  of  well-designed  injectors  due  to 
oscillation-induced  energy  losses,  enhanced  combustion  efficiency  of  poorly 
performing  engines  through  improved  atomization,  vaporization,  and  mixing,  and 
thrust  vector  variations  due  to  spatial  variation  of  the  pressure  oscillations. 

Combustion  instability  is  generally  classified  by  the  frequency  of  the  oscillation, 
although  there  are  no  specific  transition  points  between  low  (chug),  intermediate 
(buzz),  and  high  frequency  (acoustic)  combustion  instabilities.  Frequencies  typically 
range  from  values  less  than  a  hundred  Hertz  to  many  thousands  of  Hertz. 

Low  frequency  combustion  instabilities  are  typically  less  than  a  hundred  Hertz. 
These  generally  result  from  communication  between  the  combustion  chamber  and  the 
feed  system  and  are  sometimes  called  a  feed-coupled  combustion  instability.  The 
most  important  characteristic  time  appears  to  be  the  time  from  injection  until  the  time 
propellants  are  converted  to  products.  Such  instabilities  are  most  often  eliminated  by 
increasing  injector  pressure  drop,  thereby  reducing  the  effect  of  chamber  oscillations 
on  propellant  flowrate  fluctuations. 

Intermediate  frequency  combustion  instabilities  are  generally  greater  than  a 
hundred  Hertz  and  less  than  a  thousand  Hertz.  These  also  typically  result  from 
communication  between  the  combustion  chamber  and  the  feed  system.  Oscillations 
are  generally  found  in  both  the  feed  system  and  the  chamber,  although  the  phase  and 
frequency  do  not  usually  correspond  to  an  acoustic  mode.  Such  instabilities  are  most 
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often  eliminated  by  increasing  injector  pressure  drop  or  placing  stability  aids  such  as 
resonators  in  the  feed  system. 

High  frequency  acoustic  combustion  instabilities  occur  at  frequencies  related  to 
the  acoustic  modes  of  the  combustion  chamber  and  are  typically  greater  than  several 
hundred  Hertz.  These  are  caused  by  one  or  more  chamber  mechanisms  which 
couples  with  acoustic  modes  of  the  combustion  chamber.  The  characteristic  time  of 
these  mechanisms  is  believed  to  be  of  most  importance.  These  mechanisms  are 
related  to  loss  of  ignition  source,  physical  propellant  transport  associated  with  the 
atomization  process  and  other  convective  processes,  kinetics,  vaporization,  droplet 
heating,  and  mixing.  Such  instabilities  are  the  most  destructive  and  are  most  often 
controlled  through  injector  redesign  and/or  the  use  of  baffles  and  acoustic  cavities  to 
damp  pressure  oscillations. 

Pressure  perturbations  on  the  order  of  a  few  percent  of  the  chamber  pressure  are 
typically  referred  to  as  linear  and  are  most  often  sinusoidal  in  shape.  Transition  to  a 
distorted  wave  shape  usually  occurs  for  perturbations  around  ten  percent  of  chamber 
pressure  and  may  appear  like  spikes  or  N-waves.  However,  these  effects  vary 
considerably  from  engine  to  engine. 

While  some  instabilities  are  initiated  by  steady  growth  in  amplitude  from  a  low 
amplitude  noise  level  initial  condition,  it  is  even  more  common  for  instabilities  to  be 
initiated  by  naturally  occurring  "pops"  or  "spikes"  (2).  Such  a  "pop"  was  recently 
observed  in  an  SSME  oxygen  prebumer  during  test  (3).  These  random  pressure 
perturbations  have  the  appearance  of  local  explosions.  They  have  been  observed  in 
steady  operation  (pop)  and  upon  engine  startup  (spike)  and  have  been  known  to 
trigger  resonant  combustion  and  ensuing  combustion  instability  and  hardware 
destruction. 

A  system  approach  is  typically  used  to  model  these  phenomena.  In  this 
approach,  a  combustion  gain  function  is  applied  to  an  initial  pressure  disturbance  to 
yield  the  system  response.  Thus  if  gain  occurs  in  phase  with  the  disturbance, 
combustion  instability  occurs;  Figure  1  shows  this  conceptually. 

An  understanding  of  the  origins  of  combustion  instability  could  ultimately  permit  the 
design  of  inherently  stable,  high  performance  liquid  rocket  engines  without  much  of  the 
costly  trial-and-error  development  which  is  now  necessary.  Advances  in  fast-response, 
non-intrusive  instrumentation,  measurement,  and  diagnostic  techniques  now  make 
possible  the  investigation  of  many  combustion  processes  which  could  cause  or  participate 
in  liquid  rocket  combustion  instability.  Possible  measurements  include  drop  sizes  and 
spray  patterns,  droplet  and  stream  breakup,  propellant  mixing,  chemical  reaction  rates, 
chamber  flow  fields,  and  fluctuating  pressures  and  velocities.  Analysis  of  the  data  could 
assist  investigators  in  determining  instability  mechanisms  and  in  improving  rocket  engine 
design  methods  and  procedures.  Thus,  current  instrumentation  and  diagnostics 
capabilities  enable  a  new  approach  to  control  acoustic  combustion  instability: 
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investigation  and  eventual  control  of  the  basic  instability  mechanisms.  The  Liquid 
Stability  Mechanisms  program  was  conducted  to  investigate  these  phenomena. 

This  report  summarizes  the  technical  efforts  and  results  of  the  Liquid  Stability 
Mechanisms  program.  First,  the  program  setup  is  described.  The  rest  of  the  report  is 
divided  according  to  task.  Therefore  summaries  of  the  mechanism  selection  procedure 
(Task  1),  the  experimental  exploration  of  the  stability  mechanisms  (Task  2),  and  the 
analytical  verification  of  the  selected  mechanisms  (Task  3)  are  included.  Plans  for  future 
effort  are  also  provided  (Task  4).  These  summaries  are  supported  by  the  technical  papers 
that  were  written  during  the  course  of  the  program;  each  publication  is  provided  as  a 
separate  appendix. 


Combustion  Instability  Conceptualization 
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PROGRAM  DESCRIPTION 


The  Liquid  Stability  Mechanisms  program  consisted  of  a  combined  theoretical  and 
experimental  effort.  Theoretical  effort  addressed  the  identification  and  selection  of 
candidate  combustion  processes,  verification  of  the  applicability  of  the  experimentally 
studied  mechanisms  to  liquid  rocket  stability,  and  development  of  a  program  plan  for 
further  effort.  Experimental  effort  addressed  the  investigation  of  the  participation  of  the 
selected  combustion  processes  in  the  instability  mechanism.  It  had  the  objective  of 
exploring  specific  processes  which  participate  in  acoustic  combustion  instability  via  the 
use  of  advanced  diagnostic  techniques. 

The  program  was  divided  into  the  following  tasks: 

TasV  1:  Selection  and  verification  of  combustion  processes  having  the  potential 
for  participation  in  instability  mechanisms 

Task  2:  Development  of  appropriate  test  hardware,  evolution  of  novel  diagnostic 
techniques,  and  performance  of  experimental  investigations  of  instability 
mechanisms 

Task  3:  Verification  of  the  applicability  of  the  mechanisms  through  comparison 
with  analytical  models  and  the  available  data  base 

Task  4:  Development  of  plans  for  continued  effort 

Task  5:  Program  management,  coordination,  and  control 


Task  1  was  the  identification  and  selection  of  processes  for  study.  Accomplishment 
required  ten  calendar  months.  Selection  of  the  processes  for  experimental  investigation 
and  generation  of  the  test  plan  dictated  the  scope  of  the  succeeding  tasks. 

Task  2  was  test  investigation  of  the  selected  processes.  Accomplishment  required 
thirty-eight  calendar  months.  The  UCI  and  UTRC  phases  of  Task  2  and  their  respective 
sub-elements  were  conducted  concurrently.  Within  this  task,  high-pressure  shock  tube 
techniques  and  diagnostics  were  developed. 

Task  3  was  mechanism  verification  using  appropriate  correlations,  sub-models,  and 
models.  Accomplishment  required  thirty-two  calendar  months.  Analytical  droplet 
models  were  revised  to  account  for  realistic  rocket  boundary  conditions  and  acoustic 
oscillations.  These  models  were  applied  to  existing  data  and  were  used  to  explore  the 
contribution  of  the  selected  mechanisms  to  combustion  instability. 
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Throughout  the  Liquid  Stability  Mechanisms  program,  the  following  definitions  were 
suggested  to  distinguish  between  the  events  that  are  occurring  as  part  of  combustion  and 
those  that  are  occurring  as  part  of  combustion  instability. 

Process:  The  sequence  of  events,  involving  one  or  more  propellants,  by  which  a 
change  is  produced  in  some  quantity  which  describes  the  states  or  conditions  of 
the  propellant(s),  such  as  phase,  velocity,  temperature,  pressure,  environment,  or 
chemical  composition. 

Example:  The  vaporization  process  is  the  sequence  of  events  which 
changes  a  propellant  from  the  liquid  phase  to  a  gaseous  phase  through  the 
addition  of  heat  to  the  liquid  phase. 

Mechanism:  The  sequence  of  events  by  which  a  pressure  or  velocity  perturbation 
produces  a  corresponding  change  in  some  process  that  eventually  results  in  a 
change  in  the  instantaneous  energy  release  rate,  and  hence  may  participate  in  an 
instability. 

Example:  The  vaporization  mechanism  is  the  sequence  of  events  by  which 
a  pressure  or  velocity  perturbation  produces  a  change  in  the  rate  at  which  a 
propellant  changes  from  a  liquid  phase  to  a  gaseous  phase. 

By  the  above  definitions,  a  combustion  process  becomes  a  potential  or  actual 
instability  mechanism  only  if  it  exhibits  an  appropriate  response  to  the  pressure/velocity 
perturbations  seen  during  combustion  instability.  Consistent  with  the  program 
description,  the  technical  effort  for  the  investigation  of  such  mechanisms  involved 
identification  of  the  principle  mechanisms,  subsequent  experimental  investigations,  and 
complimentary  theoretical  modeling  to  verify  the  selected  mechanisms. 
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TASK  1  -  IDENTIFICATION  AND  SELECTION  OF  MECHANISMS  FOR 

STUDY 


The  effort  in  Task  1  consisted  of:  1)  work  completed  in  the  form  of  a  candidate 
mechanism  list  and  a  preliminary  literature  review  of  the  various  candidates,  and  2) 
conclusions  drawn  on  mechanism  selection.  As  a  result  of  the  literature  review  and 
selection  from  the  derived  candidate  mechanism  list,  droplet  vaporization  and  secondary 
atomization  were  chosen  as  the  principle  mechanisms  to  be  investigated.  Other  processes 
were  also  evaluated;  although  of  potential  interest,  the  available  program  resources  did 
not  permit  investigation  of  all  the  candidates. 

Vaporization  was  selected  as  a  major  driving  mechanism  of  combustion  instability 
because  analyses  show  it  to  be  the  rate  controlling  process  in  rocket  combustion. 
Previous  authors  demonstrated  that  vaporization  within  an  oscillating  pressure  and 
velocity  field  could  support  a  combustion  instability  as  measured  by  the  Rayleigh 
criterion  (1).  Secondary  atomization  was  chosen  as  a  primary  mechanism  for  its  impact 
on  vaporization  rates.  Greater  understanding  is  needed  in  the  breakup  of  the  larger  liquid 
propellant  droplets  in  both  non  oscillatory  and  oscillatory  conditions.  UTRC  investigated 
the  vaporization  process,  while  UCI  focused  on  secondary  atomization. 

A  more  detailed  explanation  of  the  Task  1  selection  process  is  available  in  the 
summary  report  written  by  W.  A.  Sirignano,  UCI.  This  report  is  included  as  Appendix  A. 
The  results  of  the  literature  review  are  also  summarized  in  the  Appendix  A  report. 

As  a  result  of  the  Task  1  identification  and  selection  procedure,  the  experimental  and 
theoretical  division  of  effort  was  formulated.  Figure  2  presents  the  resulting  breakdown 
of  the  efforts  between  P&W,  UTRC,  and  UCI. 


EXPERIMENT  THEORY 


Figure  2 

Division  of  Efforts 
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TASK  2  -  EXPERIMENTAL  INVESTIGATION  OF  MECHANISMS 


The  experimental  investigation  of  the  selected  mechanisms  was  based  on  the 
perturbation  of  drops  and  the  subsequent  measurement  of  the  response  to  the 
perturbation.  In  the  actual  combustion  process,  the  time  interval  between  the  perturbation 
and  the  burning  of  the  drops  measures  the  phase  lag  of  the  process.  Through  the  Rayleigh 
criterion,  the  phase  lag  is  related  to  the  appropriate  acoustic  instability.  The  perturbation 
itself  is  coincident  with  the  passage  of  a  pressure/velocity  pulse.  The  experimental 
concept  was  to  study  the  phenomena  which  occur  when  a  pulse  passes  transversely 
through  a  single  droplet. 

For  these  experiments,  a  shock  (or  pulse)  tube  was  employed.  Droplet  streams  were 
injected  transversely  to  the  bore  of  the  pulse  tube.  Figure  3  shows  this  process 
conceptually.  Details  of  the  design  and  fabrication  of  the  UCI  shock  tube  are  included  in 
later  sections  of  this  report.  The  pulse  tube  employed  by  UTRC  was  built  using  corporate 
funds  and  will  not  be  detailed  here;  this  pulse  tube  was  made  available  for  use  on  the 
LSM  program. 


Figure  3 

Pulse  Tube  Concept 


Shock  tubes  in  their  simplest  form  are  gas-filled  tubes  divided  by  a  diaphragm 
into  a  high-pressure  driver  gas  region  and  a  low-pressure  experimental  gas  region. 
The  sudden  bursting  of  the  diaphragm  causes  a  plane  shock  to  propagate  into  the  low- 
pressure  or  driven  section  and  a  rarefaction  to  propagate  into  the  high-pressure  or 
driver  section.  This  process  is  visualized  in  the  Figure  4  x-t  diagram.  The  shock  is 
characterized  by  a  step  change  in  pressure,  density,  static  temperature,  and  particle 
velocity  and  is  plaiiar  arid  normal  to  the  shock  tube  walls.  The  rarefaction  conversely 
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makes  a  smooth  transition  from  high  to  low  pressure.  The  experimental  gas  and 
driver  gas  interface  at  a  contact  surface  which  propagates  into  the  driven  section  at 
the  gas  particle  velocity  trailing  the  shock  front.  Pressure  and  velocity  are  preserved 
across  the  contact  surface  (p2  =  P3,  U2  =  U3  =  up)^  but  entropy  changes 
discontinuously.  The  particle  velocity  is  always  less  than  the  velocity  of  the  shock 
front  such  that  as  the  distance  to  the  point  in  the  test  section  increases,  the  duration  of 
the  uniform  flow  at  that  point  increases.  This  period  of  uniform  flow  is  typically 
known  as  the  test  time. 

In  fact,  the  particle  velocity  behind  the  shock  front  provides  the  convective  flow 
required  for  the  secondary  atomization  and  wave-induced  droplet  vaporization 
experiments.  The  magnitude  of  this  convective  velocity  can  be  predicted  using  1-D  gas 
dynamic  relations.  The  required  driver  pressure  and  test  section  pressure  can  also  be 
determined  a  priori.  A  derivation  of  the  applicable  gas  dynamic  equations  is  provided  in 
Appendix  B. 


(O)  I  HIGH  PR£SSUft6  LOW  PRESSURE 

DIAPHRAGM 


(a)  Conventional  shock  tube  (b)  An  (x-t)  diagram  showing  progress  of  the 
shock  wave,  the  rarefaction  fan  and  the  contact  surface  separating  driver  and  experi¬ 
mental  gases  (c)  Tite  pressure  distribution  along  the  tube  at  time  /j  (d)  The  temperature 

distribution  at  time  ti 


Figure  4 

Shock  Tube  Process 
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Vaporization  (UTRC) 


The  emphasis  of  the  UTRC  portion  of  the  program  became  the  experimental  study  of 
droplet  vaporization.  Task  1  indicated  that  vaporization  and  atomization  were  the 
primary  instability  mechanisms  to  be  studied,  and  that  the  tests  should  be  run  under 
pulsed  conditions.  Resulting  wave  strengths  and  pressures  were  consistent  with  expected 
droplet  lifetimes  in  a  rocket  combustor  with  respect  to  typical  instability  frequencies. 
These  tests  made  use  of  a  facility  designed  and  built  under  corporate  funding,  described 
in  Appendix  D. 

Liquid  fuel  rocket  engines  typically  are  operated  near  or  above  the  critical  conditions 
of  the  oxidizer.  At  the  outset  of  the  program,  however,  simulations  were  only  available 
describing  the  vaporization  behavior  of  the  droplets  at  or  near  atmospheric  conditions. 
To  satisfy  both  conditions,  UTRC  decided  to  perform  measurements  at  both  low-pressure 
(atmospheric)  and  high-pressure,  sub-critical  conditions  and  at  high-pressure,  super¬ 
critical  conditions.  While  the  vaporization  process  of  a  droplet  in  conditions  below  its 
critical  point  are  both  understood  and  well  defined,  the  vaporization  of  a  liquid  droplet  in 
a  supercritical  environment  is  not.  In  fact,  describing  the  latter  process  in  terms  of 
droplets,  vaporization,  and  gas  may  be  inappropriate.  This  reexamination  of  terms  also 
requires  careful  consideration  of  how  to  measure  these  'phases'  and  what  actually  is  being 
measured.  To  satisfy  these  concerns,  UTRC  settled  on  a  two-pronged  approach.  The  first 
was  to  make  measurements  providing  pinpoint  accuracy  directed  to  correlating  sub- 
critical  droplet  vaporization  enhancement  models.  In  the  second,  measurements  were 
directed  toward  the  behavior  of  droplets  exposed  to  conditions  exceeding  their  critical 
conditions. 

Low-Pressure  Experiments.  The  first  set  of  experiments  were  performed  on 
droplets  of  a  simulant  fluid  at  or  near  atmospheric  pressures.  The  purpose  of  these 
measurements  was  to  directly  address  the  predictions  of  Tong  and  Sirignano  (4,5).  Their 
calculations  show  significant  increases  in  the  vaporization  after  the  passage  of  an  acoustic 
wave  with  the  pressure  and  velocity  field  in  phase.  The  technique  chosen  was  the  use  of 
Morphology  Dependent  Resonances  (MDRs)  (6,7).  In  this  technique,  the  droplets 
themselves  are  transformed  into  miniature  dye  lasers  whose  output  mode  structure 
corresponds  to  droplet  size.  The  application  of  this  technique  to  droplets  undergoing  an 
acoustic  perturbation  is  described  in  Appendix  C.  Figure  5  presents  a  schematic  of  the 
experimental  setup. 

In  the  present  application,  changes  in  droplet  diameter  were  resolved  to  within  3  nm. 
Detailed  results  of  the  measurements  using  the  MDR  technique  can  be  found  in 
Appendices  C,  D,  and  E.  The  conclusions  of  these  experiments  directly  address  both  the 
degree  of  vaporization  enhancement  following  the  droplet/wave  interaction  as  well  as  the 
phasing  of  the  enhancement  (i.e.,  response  time).  A  brief  summary  of  the  low-pressure 
vaporization  data  is  given  below. 
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Droplet  Diameter  Decrease  (pm) 


The  sub-critical  vaporization  experiments  were  conducted  using  60-70  |xm  droplets 
of  water  and  methanol.  Initial  evaporation  measurements  were  conducted  in  quiescent  air 
and  are  presented  by  Figure  6.  Note  that  the  methanol  evaporation  rate  is  approximately 
13  times  that  of  water. 


Figure  5 

UTRC  Experimental  Setup  for  Acquiring  MDR  Emissions  of  Drops 


Figure  6 

Evaporation  Rates  for  Methanol  and  Water  Droplets 
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Table  1  shows  the  range  of  pulse  conditions  used  for  the  main  vaporization  tests. 
The  corresponding  Reynolds  and  Weber  numbers  for  water  and  methanol  are  given  in 
Table  2. 


Table  1.  Pressure  Pulse  Conditions  for  UTRC  1-atm  Vaporization  Measurements 


Condition 

PR 

TR 

Shock  Mach 
Number 

Velocity* 

(m/s) 

Quiescent  Air 

1.0 

1.00 

0 

1.515.5 

Weaker  Shock 

Wave 

1.1 

1.03 

1.04 

24.6  /  - 

Stronger  Shock 

Wave 

1.2 

1.05 

1.08 

46.6/46.3 

*  velocities  shown  are  for  methanol  and  water,  respectively 


Table  2.  Weber  and  Reynolds  Number  Comparisons  for  UTRC  1-atm  Vaporization 

Measurements 


PR 

Droplet 

Fluid 

Droplet 

Dia.  (|lw) 

V/e 

Re 

We/Re 

1.1 

Methanol 

70 

1.7 

3.3 

0.51 

1.2 

Methanol 

70 

6.4 

6.4 

1.00 

1.2 

Water 

70 

2.4 

3.8 

0.62 

The  results  of  the  three  pressure  pulse  cases  are  shown  in  Figure  7  along  with  the 
quiescent  air  data.  Although  the  available  data  are  for  short  periods  after  wave  passage 
(less  than  10  microseconds),  the  data  clearly  indicate  that  a  pulse  greatly  enhances  the 
transient  vaporization  process.  Therefore  a  combustion  instability-derived  acoustic  pulse 
would  be  expected  to  have  an  impact  on  the  vaporization  of  liquid  propellant  droplets. 
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This  result  supports  the  assertion  that  the  vaporization  process  is  an  instability 
mechanism. 


Figure  7 

Methanol  and  Water  Droplet  Changes  Measured  Shortly  After  Pulse  Wave  Passage 


High-Pressure  Experiments.  Tests  were  also  conducted  to  study  effects  which 
would  lead  to  instabilities  in  a  supercritical  environment.  Since  droplet  surface  tension 
and  viscosity  play  a  major  role  in  droplet  distortion,  evaporation,  and  breakup  in  sub- 
critical  regimes,  there  is  interest  in  the  processes  which  occur  when  these  physical 
parameters  are  significantly  altered  in  ways  consistent  with  rocket  combustor  conditions. 
In  the  UTRC  experiment-as  in  the  environment  within  a  rocket  combustor-liquid 
droplets  are  injected  into  pressures  above  the  critical  point.  The  droplet  temperature  then 
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increases  as  heat  is  absorbed  through  the  outer  surface.  If  the  time  scales  are  long 
enough,  the  droplet  temperature  should  exceed  the  critical  temperature.  With  the 
introduction  of  a  weak  pressure  pulse,  droplet  breakup  and  transition,  or  'puffing,'  is 
observed. 

The  facility  used  for  these  experiments  is  the  high-pressure  pulse  tube  described  in 
Appendix  D.  This  shock  tube  is  capable  of  initial  test  section  pressures  of  1000  psi-well 
above  the  734-psi  critical  pressure  of  O2.  Line-of-sight  optical  access  to  the  test  section 
is  available  through  two  2-inch-diameter  windows.  Ninety-degree  access  is  also 
available.  A  driver  section,  separated  from  the  test  section  by  burst  disks,  can  be 
pressurized  up  to  2300  psi  for  strong  shock  waves.  However,  in  these  experiments, 
pressure  differences  between  the  test  section  and  driver  did  not  exceed  130  psi  to  produce 
weak  pressure  pulses  with  wave  strengths  (i.e.,  pressure  ratios)  no  greater  than 
approximately  1.08. 

A  liquid  oxygen  (LOX)  droplet  generator  was  designed  and  built  to  produce  a  stream 
of  approximately  lOO-to-400-micron-diameter  O2  droplets  in  the  high-pressure 
environment  of  the  test  section.  Figure  8  presents  a  drawing  of  the  cryogenic  drop 
generator.  LOX  was  chosen  as  the  droplet  simulant  for  a  number  of  reasons:  it  is  the 
oxidizer  for  many  liquid-fueled  rocket  engines  of  interest;  it  can  easily  be  produced  by 
condensing  gaseous  O2  using  liquid  nitrogen;  and,  its  critical  temperature  (155  K)  is 
below  room  temperature.  Liquid  oxygen  also  has  additional  diagnostic  advantages  which 
will  be  discussed  below. 

An  initial  study  of  potential  diagnostic  techniques  suggested  methods  of  determining 
the  location  of  droplet  fluid  as  the  droplet  breaks  up  after  pressure  pulse  passage.  Based 
on  experience  in  the  low-pressure  experiments  conducted  earlier  in  the  program, 
Schlieren  photography  appeared  to  be  a  simple  method  for  observing  the  effect  of  the 
pressure  pulse  on  the  LOX  droplets.  However,  in  attempting  to  implement  this  technique 
in  the  shock  tube's  high-pressure  environment,  it  was  found  that  large  density  gradients 
produced  by  the  cold  LOX  droplet  generator  caused  the  LOX  droplet  stream  to  be 
completely  obscured  despite  attempts  to  insulate  the  device. 

Raman  scattering  is  a  more  complex  but  comprehensive  diagnostic  which  was 
considered  in  this  program.  It  has  potential  for  measuring  the  concentration  of  O2  in  and 
around  the  LOX  droplet.  Feasibility  measurements  (conducted  as  part  of  a  corporate- 
sponsored  program)  suggested  that  at  the  high  pressures  of  these  experiments,  Raman 
signals  from  O2,  generated  from  a  frequency-doubled  Nd:YAG  laser,  would  be  strong 
enough  to  image  the  O2  concentration  in  the  region  around  a  LOX  droplet.  The 
possibility  of  using  this  Raman  technique  exists  because  of  the  large  Raman  cross  section 
of  O2;  its  presence  in  high  concentrations  at  high  pressure;  the  availability  of  optical 
filters  to  provide  high  rejection  ratios  for  O2  Raman  against  the  Nd:YAG  laser;  and  the 
fact  that  helium  has  no  Raman  cross  section,  and  therefore  does  not  produce  a 
background  signal  which  must  be  rejected. 
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Attempts  to  quickly  implement  the  Raman  technique  in  the  high-pressure  pulse  tube 
were  unsuccessful,  however,  due  to  the  limited  optical  access  through  which  the  laser 
beams  and  Raman  signal  has  to  pass.  Laser  interferences  could  not  be  successfully 
rejected  in  this  configuration.  However,  it  should  be  noted  that  this  technique  holds 
considerable  potential  for  this  application  if  the  laser  beam  and  Raman  signal  can  be 
directed  through  separate  optical  access. 


High  pressure 
gaseous 
oxygen 
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Observations  of  the  effect  of  acoustic  pulses  on  the  LOX  droplets  at  supercritical 
pressures  were  made  using  a  simple  back-lit  technique  and  imaging  with  a  microscope 
lens  and  an  intensified  CED  camera.  Sets  of  double  exposure  images  were  acquired  to 
view  the  droplets  before  and  after  the  pressure  pulse  passed  through  the  test  section.  In 
this  way,  the  initial  size  and  position  of  the  droplets  could  be  compared  with  the  dispersed 
droplet  fluid  at  some  known  time  delay  after  pressure  pulse  passage. 

In  order  to  observe  the  effect  of  the  critical  point  on  droplet  breakup,  measurements 
were  made  at  three  initial  pressures  with  pressure  pulses  of  approximately  the  same 
strength.  Data  sets  were  acquired  for  a  600-psig  initial  pressure  in  which  the  O2  pressure 
remained  below  the  critical  point  throughout  the  experiment.  Images  were  also  acquired 
for  runs  with  750-psig  and  850-psig  initial  pressure;  note  that  both  conditions  are  above 
the  critical  pressure.  Two  sets  were  acquired  at  an  initial  pressure  of  750  psig:  one  with  a 
wave  strength  consistent  with  the  sub-critical  condition  and  one  with  a  stronger  pressure 
pulse.  Table  3  provides  the  test  conditions. 


Table  3.  UTRC  High-Pressure  LOX  Droplet  Test  Conditions 


Initial 

Pressure 

(psig) 

Ap 

(psid) 

Pressure 

Ratio 

Mach 

Number 

Re 

We 

Oh 

600 

67 

1.05 

1.021 

11,300 

501 

2.6x10-3 

750 

67 

1.04 

1.017 

11,700 

442 

2.6x10-3 

750 

130 

1.08 

1.031 

21,300 

1501 

2.6x10-3 

850 

67 

1.04 

1.015 

11,400 

370 

2.6x10-3 

Image  sets  were  acquired  over  a  range  of  time  delays  in  order  to  track  the  sequence 
of  droplet  fluid  dispersal.  Sample  images  are  shown  in  Figures  9  through  12.  These 
figures  demonstrate  that  the  droplet  breakup  process  appears  to  be  quite  similar  for 
droplets  above  and  below  the  critical  pressure,  given  nearly  constant  acoustic  wave 
strength.  Since  one  would  expect  the  process  to  change  significantly  with  a  change  in  the 
droplet  surface  tension  (which  would  occur  as  the  surface  rises  above  the  critical 
temperature),  these  results  suggest  that  the  breakup  process  occurs  on  time  scales  much 
shorter  than  heat  transfer  to  the  droplet  surface.  Hence,  the  droplet  continues  to  act  as  a 
hquid. 

When  compared  to  typical  droplet  vaporization  and  breakup  results  at  atmospheric 
pressure,  the  high-pressure  LOX  droplet  data  herein  are  markedly  different.  The  back-lit 
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images  shown  in  Figures  9-12  indicate  that  a  pressure  pulse  has  a  drastic  effect  on  LOX 
droplets  in  a  high-pressure  environment.  Hence,  an  acoustic  instability-induced  pulse 
should  have  a  similar  influence  on  LOX  droplets  in  a  rocket  combustion  chamber 
operating  at  supercritical  pressures. 
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Figure  9a 

Images  of  LOX  Droplets  Behind  a  Pressure  Pulse-Sub-critical 

100-300  |isec  after  pressure  pulse  passage;  Pc=600  psig;  AP=67  psid 


Figure  9c 

Images  of  LOX  Droplets  Behind  a  Pressure  Pulse-Sub-critical 

500-700  psec  after  pressure  pulse  passage;  Pc=600  psig;  AP=67  psid 


Figure  10b 

Droplets  Behind  a  Pressure  Pulse-Supercritical 

:r  pressure  pulse  passage;  Pc=750  psig;  AP=67  psid 


Figure  10c 

Images  of  LOX  Droplets  Behind  a  Pressure  Pulse-Supercritical 

500-700  psec  after  pressure  pulse  passage;  Pc=750  psig;  AP=67  psid 


Figure  11 

Images  of  LOX  Droplets  Behind  a  Pressure  Pulse-Supercritical,  Higher  Pulse 

100-300  |lsec  after  pressure  pulse  passage;  Pc=750  psig;  AP=130  psid 


Figure  12a 

Images  of  LOX  Droplets  Behind  a  Pressure  Pulse-Supercritical,  Higher 

100-300  jxsec  after  pressure  pulse  passage;  Pc=850  psig;  AP=67  psi 


Figure  12b 

Images  of  LOX  Droplets  Behind  a  Pressure  Pulse-Supercritical,  Higher  Pressure 

300-500  |isec  after  pressure  pulse  passage;  Pc=850  psig;  AP=67  psid 


Figure  12c 

Images  of  LOX  Droplets  Behind  a  Pressure  Pulse-Supercritical,  Higher  Pressure 

500-700  psec  after  pressure  pulse  passage;  Pc=850  psig;  AP=67  psid 


Simulant  Fluid  Study  (P&W,  UCI) 


In  support  of  the  experimental  investigation,  a  parallel  evaluation  of  simulant  fluid 
properties  was  conducted.  The  emphasis  of  the  study  was  on  the  selection  of  cold-flow 
fluids  and  test  conditions  that  closely  match  actual  rocket  parameters.  A  detailed 
description  of  the  initial  effort  is  provided  in  Appendix  F  in  the  form  of  a  1991  JANNAF 
paper.  Provided  below  is  a  brief  summary  of  the  rocket  conditions  chosen  to  model,  the 
simulant  fluids  studied,  and  the  resulting  secondary  atomization  test  matrix.  Further 
discussion  of  the  droplet/wave  physics  is  provided  in  the  secondary  atomization  portion 
of  this  report. 

Engine  Conditions.  Experimental  modeling  of  the  spray/combustion  process  inside 
a  high-pressure  rocket  combustion  chamber  is  difficult  due  to  the  extreme  temperature 
and  turbulent  conditions  which  exist.  Under  cold-flow,  non-combustion  conditions,  the 
best  an  experiment  can  do  is  match  certain  fluid  properties  and  non-dimensional 
parameters  that  occur  in  the  real  process.  The  investigation  herein  attempts  to  cover  a 
range  of  possible  engine  parameters  while  matching  as  closely  as  possible  the  expected 
combinations. 

Due  to  the  nature  of  the  liquid  rocket  engine  combustion  chamber  environment, 
relatively  little  is  known  about  the  behavior  of  fluids  in  the  combustion  chamber. 
The  properties  both  of  the  liquid  oxygen  droplet  as  well  as  in  the  surrounding  flow 
field  are  difficult  to  quantify.  No  such  measurements  have  ever  been  made  in  a 
rocket  engine  operating  during  a  combustion  instability,  and  only  limited 
measurements  (8)  have  been  made  under  steady,  full-power  conditions. 

The  engine  parameters  that  were  selected  correspond  to  the  conditions  of  the 
proposed  Space  Transportation  Main  Engine  (STME).  This  580k-lb-thrust  engine  is 
representative  of  the  next  generation  of  high-pressure,  O2-H2  rocket  engines.  The  STME 
has  a  propellant  mixture  ratio  near  7.0  and  a  2300-psia  (156.5-atm)  chamber  pressure. 

Properties  at  the  droplet  surface  strongly  affect  transport  and  physical  properties 
typically  considered  important  in  the  study  of  vaporization  and  secondary 
atomization.  While  the  critical  pressure  for  the  hydrogen/oxygen  system  typically 
present  in  rocket  engine  combustion  chambers  can  be  substantially  more  than  the 
critical  pressure  of  pure  oxygen,  the  instability  waves  probably  act  prior  to  achieving 
thermodynamic  equilibrium;  this  keeps  the  critical  mixture  ratio  at  the  droplet  surface 
almost  purely  oxygen  and  the  corresponding  critical  pressure  very  close  to  that  of 
pure  oxygen  (9).  On  this  basis,  the  properties  of  liquid  oxygen  were  presumed  to  be 
appropriate  for  the  experiments  herein. 

When  exploring  stability  mechanisms  using  single  droplets,  the  test  fluids  must 
simulate  both  the  LOX  droplet  and  the  surrounding  gas.  The  combustion  chamber 
conditions  are  more  difficult  to  define  since  conditions  near  the  injector  (where 
combustion  instability  waves  interact  with  liquid  oxygen  droplets)  are  substantially 
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different  from  those  near  the  nozzle  where  combustion  is  complete.  The  gas  near  the 
injector  face  consists  of  hydrogen  exiting  the  injectors  and  recirculation  zones 
between  injector  elements.  These  zones  are  reasoned  to  contain  a  combination  of 
burned  products,  unbumed  hydrogen,  and  vaporized  oxygen.  Therefore  two  different 
assumptions  can  be  made  in  the  definition  of  the  combusting  atmosphere  of  drops  near 
the  injection  plane. 

One  assumption  is  that  the  ambient  species  are  at  the  average  temperature  between 
the  cold  propellant  and  the  flame  temperature  of  the  mixture.  Others  have  defined  the 
surrounding  temperature  as  such  (10).  For  a  110-K  inlet  temperature  and  a  3720-K  O2- 
H2  flame  temperature,  the  average  temperature  would  be  1920  K.  The  second  approach 
is  the  use  of  temperature  measurements  acquired  by  Boylan  and  O'Hara  (8).  Their 
findings  indicate  that  the  average  combustion  gas  temperature  near  the  injector  face  is 
approximately  1940  K.  This  measurement  is  in  agreement  with  the  preceding  calculation; 
therefore  the  surrounding  gas  temperature  was  assumed  to  be  1940  K. 

Table  4  provides  the  resulting  STME  droplet  and  surrounding  gas  properties.  Table 
5  presents  the  expected  ranges  of  droplet  Reynolds,  Weber,  Ohnesorge  numbers,  and 
density  ratios  for  the  given  drop  size  range  and  acoustic  pulse  strengths. 


Table  4.  Rocket  Conditions  Chosen  to  Model 


Liquid  Properties 


Gas  Properties 


T(K) 

94 

Density 

(kg/m3) 

1153 

Viscosity 

(N-s/m2) 

2.2x10-4 

Surface 

Tension 

(Dyne/cm) 

12.1 

Per  (atm.) 

50 

Tcr(K) 

154.8 

T(K) 

1940 

Y 

1.14 

Molecular 

Weight 

14.6 

Viscosity 

(N-s/m2) 

64x10-6 
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Table  5.  Rocket  Parameter  Ranges 


Drop  Diameter  (lim) 

10  -  500 

Pulse  Strength 

5%  -  50% 

Re 

110-65,000 

We 

30  -  140,000 

Oh 

9.7x10-4 . 0.29 

Pl/P2 

56-77 

Simulant  Fluids.  A  number  of  test  liquids  were  chosen  as  possible  droplet 
simulants.  The  physical  properties  of  primary  interest  included  density,  surface  tension, 
and  viscosity.  For  modeling  supercritical  conditions,  the  critical  pressure  and  temperature 
were  important.  Practical  considerations  such  as  vapor  pressure,  ease  of  handling,  and 
availability  also  affected  the  selection  procedure. 

Two  liquid  simulant  classifications  were  developed  and  are  referred  to  as  sub-critical 
and  supercritical.  The  sub-critical  liquid  choices  were  intended  for  secondary 
atomization  and  vaporization  tests  that  were  exploring  the  effects  of  all  rocket  parameters 
except  the  reduced  pressure  and  temperature.  The  supercritical  simulants  were  chosen  to 
model  the  response  of  a  droplet  to  a  velocity  wave  while  at  conditions  above  the  critical 
point.  Table  6  presents  the  selected  sub-critical  liquids,  and  Table  7  gives  the 
supercritical  liquids. 

Of  the  Table  6  sub-critical  fluids,  water,  methanol,  and  Freon  22  were  chosen  for  the 
main  secondary  atomization  tests.  Methanol  and  water  were  used  in  the  UTRC  1-atm 
vaporization  experiments  because  of  their  ability  to  dissolve  the  MDR  dopant.  Note  that 
only  liquids  with  sub-atmospheric  critical  temperatures  were  selected  for  Table  7  since 
the  test  sections  of  the  UCI  and  UTRC  shock  tubes  were  maintained  at  room  temperature 
(Tj.  always  >1).  Likewise,  the  test  section  pressures  were  limited  to  1000  psia,  so  liquids 
with  Pct  <  1000  were  required.  As  previously  mentioned,  UTRC  employed  LOX  as  the 
supercritical  droplet  simulant. 

Standard  gases  were  selected  as  the  combustion  gas  simulant.  Air,  argon,  and  helium 
adequately  provided  the  required  wave  velocities  and  densities  to  match  the  specified 
rocket  parameters. 
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Table  6.  Sub-critical  Simulant  Liquids 


Liquid 

Density 

(kg/m^) 

a 

(Dyne/cm) 

Viscosity 

X 10^  (kg/m-s) 

Vapor  Pressure 
(atm.) 

Water 

1000 

73.1 

9.67 

0.03 

Freon  113 

1650 

17.0 

6.84 

0.41 

n-Pentane 

631 

16.5 

2.26 

1.09 

Freon  22 

1230 

9.0 

1.98 

9.80 

N2O 

1225 

1.8 

0.21 

52.4 

MIL-C-7024 

769 

23.0 

8.63 

<  1.0 

Freon  12 

1304 

9.0 

2.07 

6.80 

Ethanol 

791 

22.0 

11.1 

0.01 

Methanol 

791 

22.6 

5.62 

0.14 

n-Decane 

730 

23.8 

9.02 

=  0 

LOX 

(@  110  K) 

1041 

8.2 

2.11 

6.8 

Table  7.  Supercritical  Simulant  Liquids 

n  Vapor 


Per 

Ter 

Density 

a 

xl(P 

Pressure 

Liquid 

(atm.) 

(K) 

(kg/m^) 

Dyne/em 

(kg/m-s) 

(atm.) 

LOX(llOK) 

50 

155 

1041 

8.2 

2.11 

6.80 

LN;7  (IlOK) 

33.5 

126 

624 

6.6 

0.56 

15.6 

Ethylene 

49.7 

282 

521 

16.5 

0.58 

- 

Freon  23 

Ain 

299 

670 

15.0 

1.67 

9.52 

Freon  14 

36.9 

228 

1317 

4.0 

2.31 

14.3 

Freon  503 

43.0 

293 

1234 

6.0 

1.44 

11.2 
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Secondary  Atomization  (UCI) 


Secondary  atomization  or  drop  breakup  can  occur  in  at  least  three  different 
manners  in  liquid  rocket  engine  combustion  chambers:  1)  in  the  high  velocity 
shearing  flow  field  in  the  near  injector  region  of  a  shear  coaxial  injector;  2)  as  gases 
expand  and  accelerate  in  the  reaction  zone;  and,  3)  during  combustion  instability  (see 
Figure  13).  In  each  of  these  situations,  a  relative  velocity  between  the  gas 
surrounding  the  droplet  and  the  droplet  exists  which  tends  to  aerodynamically  deform 
and  potentially  break  up  the  droplet. 


a)  Near  injector 


b)  Reaction  zone 


Figure  13 

Liquid  Rocket  Engine  Secondary  Atomization  Processes 
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In  liquid  rocket  engines,  primary  and  secondary  atomization  processes  prepare 
the  liquid  phase  for  vaporization  into  and  mixing  with  the  gas  phase.  The  degree  of 
secondary  atomization  determines  vaporization  and  mixing  rates  of  the  droplet  phase 
in  the  surrounding  gas.  In  dilute  sprays,  vaporization  is  typically  found  to  control  the 
mixing  rate.  In  some  dense  sprays,  however,  secondary  atomization  can  be  found  to 
control  the  mixing  rate  (11). 

Secondary  atomization  typically  occurs  in  the  near  injector  region  where 
ligaments  of  liquid  break  off  from  a  Jet  or  sheet  and  then  further  breakup  as  they  are 
sheared  by  co-flowing  gas.  Another  source  of  drop  breakup  is  the  reaction  induced 
expansion  of  the  combustion  gases  which  rapidly  accelerate  relative  to  any  unburned 
propellant  droplets.  As  a  droplet  breaks  apart,  more  liquid  surface  area  per  unit 
volume  is  available  for  the  vaporization  process,  and  the  liquid  is  distributed  about  a 
larger  volume.  Thus  in  addition  to  primary  atomization,  secondary  atomization  can 
directly  affect  the  distribution  of  the  liquid  phase  and  therefore  the  local  gas 
properties  such  as  mixture  ratio  of  the  flow  field.  The  resulting  drop  size  and  spatial 
distribution  affects  how  rapidly  the  mixture  can  be  expected  to  react,  where  it  will 
react  relative  to  the  injection  point,  and  what  combustor  length  is  required  to  contain 
the  reaction. 

During  combustion  instability,  secondary  atomization  may  play  a  role  in 
initiating,  augmenting,  and/or  sustaining  the  instability.  In  high  frequency 
combustion  instability  for  such  systems,  a  spontaneously  generated  shock  wave  can 
cause  propellant  droplets  to  shatter,  leading  to  more  rapid  vaporization  and 
combustion.  The  passing  wave  causes  step  changes  in  pressure,  velocity, 
temperature,  and  density.  These  changes  affect  either  the  aerodynamic  forces 
experienced  by  the  droplet,  the  vaporization  environment,  or  both.  Secondary 
atomization  may  play  an  indirect  role  in  providing  a  vaporized  liquid  propellant  to 
the  gas  phase  for  combustion  in  phase  with  the  passing  wave  and  directly  add  to  the 
amplitude  of  that  wave.  If  the  pressure-induced  fluctuation  of  energy  release  causes  a 
further  change  of  pressure  in  phase  with  the  initial  disturbance,  then  the  result  may  be 
an  instability  (12). 

Predominant  high  amplitude  processes  are  the  transient  aerodynamic  distortion 
of  streams  and  droplets;  the  ensuing  aerodynamic  mass  stripping;  and  the 
displacement  and  convection  of  reactive  propellant  streams.  The  drop  distortion  and 
breakup  mechanisms  associated  with  the  passing  of  a  pressure  disturbance  provide  a 
stepwise  change  in  the  liquid  surface  area  available  for  vaporization  and  therefore 
could  be  indirectly  responsible  for  combustion  instability  in  liquid  rocket  engines. 
For  an  order  of  magnitude  reduction  in  the  size  of  daughter  droplets  from  the  original 
parent  drop,  the  surface  area  available  for  vaporization  increases  by  an  order  of 
magnitude.  For  breakup  that  might  be  expected  in  a  typical  combustion  instability, 
the  daughter  droplets  might  be  two  orders  of  magnitude  smaller  with  a  resulting 
hundred-fold  increase  in  vaporizing  surface  area. 
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In  addition,  the  smaller  droplets  tend  to  follow  the  pulse-induced  flow,  thus 
reducing  penetration  relative  to  the  original  drop  and  redistributing  a  reacting 
component  spatially.  The  displacement  and  convective  mechanisms  provide  a  means 
to  redistribute  the  gas  phase  propellants  and  small,  rapidly  vaporizing  droplets  so  that 
they  may  mix  and  react  with  their  unreacted  counterparts  and  hot  partially  reacted 
streams  which  serve  as  ignition  sources. 

Williams  (13)  found  that  for  a  vaporizing  spray,  energy  release  alone  would  not 
reinforce  an  imposed  shock  and  it  would  eventually  dissipate  due  to  large  wall  losses. 
However  when  he  considered  the  same  problem  accounting  for  aerodynamic  drop 
shattering  to  a  drop  size  of  less  than  10  microns,  the  spray  detonation  which 
developed  was  found  to  be  essentially  the  same  as  a  gas  detonation.  Shear  stripping 
routinely  causes  drop  sizes  to  be  less  than  this  value. 

Dabora,  Ragland,  and  Nicholls  (14)  showed  conclusively  that  aerodynamic 
shattering  and  droplet  breakup  time  (which  are  directly  proportional  to  drop 
diameter)  play  major  roles  in  the  reaction  zone  length  and  thus  the  characteristic  time 
over  which  reaction  occurs. 

The  pressure-time  histories  typically  observed  in  instrumented  rocket  engine 
combustion  chambers  reveal  a  series  of  waves  similar  to  N-waves  in  shape.  Figure 
14  shows  a  typical  N-wave  instability  measurement.  As  such  a  wave  passes,  the 
droplet  will  initially  accelerate  and  may  actually  exceed  the  velocity  of  the  flow  field 
later  in  the  wave  at  which  point  it  decelerates  with  respect  to  the  laboratory  reference 
frame.  The  only  known  effort  to  examine  this  droplet/N-wave  interaction  to  date  is 
that  of  Temkin  and  Mehta  (15).  They  examined  unsteady  droplet  drag  using  single 
frame  stroboscopic  photography  at  an  equivalent  of  4000  frames  per  second.  The 
wave  strengths  were  held  to  less  than  0.03  in  order  to  maintain  the  spherical  shape  of 
the  1-atm  water  droplet  (breakup  was  prevented).  The  sole  motivation  for  using  N- 
waves  appears  to  lie  in  their  inherent  nature  to  provide  both  an  accelerating  and 
decelerating  flow  during  the  same  test.  Therefore,  the  results  are  not  applicable  to 
this  program.  Mehta's  dissertation  (16)  does  examine  breakup;  however,  the  wave 
strengths  as  well  as  Re  and  We  numbers  are  relatively  low  compared  to  the  work 
proposed  here.  Therefore,  the  breakup  regime  examined  is  probably  not  applicable. 

A  further  complication  in  most  liquid  rocket  engines  is  that  the  liquid  is  injected 
at  pressures  above  its  critical  pressure.  The  critical  pressure  of  pure  oxygen  is  about 
730  psia  and  typical  chamber  pressures  range  between  500  and  6000  psia. 

The  response  of  a  drop  subject  to  the  passing  of  an  instability  wave  can  include 
one  or  more  of  the  following: 

1.  Transverse  motion  with  both  acceleration  and  deceleration. 

2.  Reorientation  of  the  internal  Hill’s  spherical  vortex. 
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Amplitude 


3.  Aerodynamic  deformation. 

4.  Oscillation. 

5.  Surface  wave  formation. 

6.  Ligament  formation  and  breakup  into  smaller  droplets. 

7.  Stripping  of  small  drops  from  the  original  droplet  up  to  the  point  of  total 
disintegration. 

8.  Greatly  enhanced  evaporation  from  both  the  original  droplet  and  smaller  drops 
which  are  stripped  from  it. 

9.  Collision  with  neighboring  droplets  with  associated  motion,  dynamics, 
breakup,  and/or  coalescence. 

10.  Redistribution  and  dispersion  of  the  liquid  and  gas  phases  of  the  propellants. 

The  approach  of  this  study  was  to  experimentally  observe  the  response  of  a 
droplet  or  droplet  stream  injected  transversely  across  the  bore  of  a  shock  tube  to  the 
passing  of  a  single  N-wave.  The  diagnostics  employed  included  stroboscopic 
scattered-light  photography,  still  shadowgraphy,  and  shadowgraphic  cinematography 
at  high  magnification.  Basic  parameters  under  examination  were  droplet  size,  wave 
strength,  and  wave  duration.  Property  variations  of  the  droplet  liquid  and  test  section 
gas  were  also  examined.  While  the  basic  approach  to  examination  of  these 
phenomena  was  far  from  the  physical  situation,  the  physics  are  believed  to  be  similar. 


Figure  14 

Typical  Steep-Fronted  Wave,  or  N-Wave  (Harrje  and  Reardon,  1972) 
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Approach.  Formulation  of  the  secondary  atomization  experiments  was  preceded  by 
a  literature  search.  The  comprehensive  review  of  the  secondary  atomization  literature 
was  compiled  by  Ted  Bastes  and  is  included  as  Appendix  G.  This  review  details 
secondary  atomization  theory  and  includes  applications,  diagnostic  techniques, 
characterization  parameters,  breakup  modes,  flow-transient  effects,  drop  deformation, 
drag  coefficients,  breakup  times,  and  stripping  rates.  This  appendix  should  be  consulted 
for  more  in-depth  secondary  atomization  information. 

Typical  dimensionless  numbers  are  generally  employed  to  characterize  secondary 
atomization.  These  include,  among  others,  the  ratio  of  convective  flow  inertial-to-viscous 
forces,  or  Reynolds  number  (Re);  the  ratio  of  dynamic  pressure  forces  to  droplet  surface 
tension  forces,  or  Weber  number  (We);  and  the  ratio  of  liquid  surface  tension  forces  to 
viscous  forces,  or  Ohnesorge  number  (Oh).  Three  different  types  of  breakup  have  been 
defined,  depending  on  the  levels  of  each  of  the  specified  dimensionless  numbers. 
Borisov  et  al.  (17)  suggested  the  following  criteria  for  each  breakup  mode; 

"bag  breakup: "  8  <  We  <  40 

"shear  breakup:"  20<We<2xl(F 

"explosive  breakup:"  2x10^  <  We  <  2x10^ 

Breakup  time  is  an  important  secondary  atomization  parameter  used  as  the 
dependent,  or  measured,  experimental  variable.  The  breakup  time  (Xf,)  is  defined  as  a 
function  of  the  gas-to-liquid  density  ratio,  the  convective  velocity,  and  the  droplet  size. 
Nonetheless,  as  described  in  Appendix  G,  the  definition  of  breakup  time  is  often  not  very 
clear.  For  the  purposes  of  this  study,  the  breakup  time  as  defined  in  equation  G-8  (K=l) 
will  be  used  for  reporting  expeimental  results  (see  later  section). 

The  shock  tube  experiments  proposed  for  study  of  secondary  atomization  were 
designed  to  observe  how  drops  of  varying  sizes  break  up  when  subjected  to  pressure 
waves  of  varying  amplitudes.  In  order  to  extend  these  observations  to  what  might  be 
typical  in  an  actual  liquid  propellant  rocket  engine  (see  Tables  4  and  5)  undergoing 
high  frequency  acoustic  combustion  instability,  experimental  parameters  and 
conditions  were  defined  as  follows: 

1.  Drop  sizes  were  varied  over  a  range  believed  to  be  characteristic  of  a  typical 
rocket  engine  (50-500  microns). 

2.  Pressure  wave  amplitudes  were  varied  from  acoustic  levels  to  strengths 
representative  of  those  observed  in  a  typical  rocket  engine  combustion 
instability  (10-100%). 

3.  The  wave  shape  (N-wave)  and  duration  (<  5  msec)  were  similar  to  that 
observed  in  a  typical  rocket  engine  combustion  instability. 
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4.  The  droplet  was  exposed  to  a  wave  traveling  transverse  to  its  original  path  to 
simulate  the  commonly  observed  spinning  transverse  wave  with  a  duration 
corresponding  to  actual  frequencies  (>  200  Hz)  in  a  typical  rocket  engine 
combustion  instability. 

Parameters  which  are  believed  to  influence  the  secondary  atomization  process 
are  as  follows: 

1.  Wave  amplitude 

2.  Drop  size 

3.  Drop  configuration  (single  drop,  drop  stream,  drop  array,  spray) 

4.  Liquid  properties 

5.  Gas  properties 

6.  Drop  velocity/acceleration  prior  to  wave  impingement 

7.  Internal  vortical  structure  progression 

8.  Convective  gas  velocity  prior  to  wave  impingement 

9.  Wave  character  or  shape 

10.  Wave  duration 

1 1.  Wave  frequency 

Prudent  experimental  practice  indicates  that  the  relative  effects  of  each  of  these 
parameters  should  be  studied  independently  so  that  their  relative  sensitivity  to  the 
phenomena  can  be  assessed.  Due  to  the  limited  nature  of  the  proposed  experiments, 
a  number  of  judgments  regarding  the  relative  importance  of  each  of  these  parameters 
was  required  a  priori.  A  design  of  experiments  test  matrix  was  thus  developed  based 
on  these  parameter  relevance  estimates  (18).  In  the  initial  tests,  efforts  to  simplify 
the  experiment  and  the  flow  field  were  necessary,  as  de-convolution  of  these  effects 
is  essential  to  any  successful  modeling  effort  undertaken. 

Using  the  chosen  simulant  fluids  (Tables  6  and  7),  the  test  conditions  that  match  the 
desired  rocket  conditions  (Tables  4  and  5)  were  calculated.  The  independent  test 
variables  included  the  test  section  pressure  (Pj),  the  pressure  upstream  of  the  pulse  (P2), 
the  duration  of  the  pulse,  and  the  droplet  size  (D). 

Table  8  gives  an  ideal  16-test,  high-pressure  secondary  atomization  test  matrix.  Two 
levels  of  each  independent  variable  were  used.  The  Table  8  matrix  provides  a  Reynolds 
number  range  from  890  to  210,000;  a  Weber  number  range  from  17  to  34,000;  and  a 
density  ratio  range  from  15  to  136.  These  test  parameters  bracket  the  actual  rocket  ranges 
seen  in  Table  5  with  the  exception  of  the  upper  We  limit. 
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Table  8.  Ideal  Secondary  Atomization  Test  Matrix 


Test 

Liquid 

Gas 

P2/P1 

D(\im) 

Pj  (psia) 

Pulse 

Time 

1 

Methanol 

Argon 

1.1 

90 

100 

short 

2 

Water 

Argon 

1.1 

90 

100 

long 

3 

Freon  22 

Air 

1.1 

90 

400 

long 

4 

Water 

Air 

1.1 

90 

400 

short 

5 

Freon  22 

Air 

1.1 

360 

100 

short 

6 

Water 

Air 

1.1 

360 

100 

long 

7 

Methanol 

Argon 

1.1 

360 

400 

long 

8 

Water 

Argon 

1.1 

360 

400 

short 

9 

Methanol 

Air 

2 

90 

100 

long 

10 

Water 

Air 

2 

90 

100 

short 

11 

Freon  22 

Argon 

2 

90 

400 

short 

12 

Water 

Argon 

2 

90 

400 

long 

13 

Freon  22 

Argon 

2 

360 

100 

long 

14 

Water 

Argon 

2 

360 

100 

short 

15 

Methanol 

Air 

2 

360 

400 

short 

16 

Water 

Air 

2 

360 

400 

long 

Shock  Tube  Facility.  The  shock  tube  fabricated  for  this  work  is  of  the  double 
diaphragm  variety.  Advantages  of  this  type  of  tube  over  other  varieties  include  the  ability 
to  discharge  it  on  demand  and  the  wave  amplitude  repeatability  obtained.  Both  qualities 
are  desirable  in  these  experiments.  The  on-demand  capability  allows  preparation  for  and 
sequencing  of  the  photographic  diagnostic.  The  amplitude  repeatability  capability  allows 
accurate  setting  of  the  desired  amplitude  from  test  to  test.  Diaphragm  costs  are  low,  and 
the  on-demand  characteristic  inhibits  potential  synchronization  problems.  Other 
techniques  for  generation  of  pulses  were  reviewed;  the  results  of  this  examination  are 
included  as  Appendix  H. 
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The  2"  X  2"  square  cross-section,  double  diaphragm  shock  tube  used  for  this  effort  is 
capable  of  holding  pressures  to  1000  psia  in  the  driven  section  and  3000  psia  in  the  driver 
section.  This  permits,  for  instance,  the  observation  of  wave-induced  droplet  response  for 
a  675-psia  ambient  pressure  and  a  50%  wave.  Figure  15  shows  a  system  schematic 
including  diagnostics. 
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Figure  15 

Schematic  of  Shock  Tube  Experiment 


General  design  features  common  to  flanged  sections  of  the  shock  tube  include  an  o- 
ring  seal  at  one  end  of  each  section.  The  flanges  are  electron  beam  welded  to  tubing  (3/4 
inches  deep)  and  butt-welded  on  the  inner  face.  The  limiting  feature  of  most  hardware  is 
the  strength  of  the  bolts  (grade  8  alloy  used  as  design  reference)  used  to  attach  the 
sections  together;  higher  design  pressures  are  possible  with  correspondingly  stronger 
bolts. 
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The  driver  section  is  composed  of  two,  4-inch-diameter,  5/8-inch-wall  pieces  of  304 
stainless  steel  tube.  The  longer  section  is  35.438  inches  long  and  has  a  blind  flange 
bolted  at  one  end.  The  shorter,  2-inch  section  has  an  o-ring  seal  at  one  face  which  mates 
to  the  longer  section,  contains  a  1/8  NPT  port  for  purposes  of  filling  the  driver  section, 
and  provides  a  sealing  surface  for  the  upstream  side  of  the  first  diaphragm  (see  design 
drawings  in  Appendix  I).  This  two-piece  design  provides  versatility  in  the  diaphragm 
holding  technique,  the  driver  section  overall  length,  and  the  fill  port  design.  The  2-inch 
section  provides  a  manageable  piece  of  hardware  for  purposes  of  design  changes  to  both 
the  driver  section  and  the  diaphragm  holder  as  well  as  rework  of  sealing  surfaces  which 
are  subject  to  wear  and  tear.  For  room  temperature  air,  this  provides  a  test  time  of 
approximately  6  msec  in  the  uniform  flow  region  behind  the  shock. 

In  order  to  obtain  an  N-wave,  a  conical  volume  within  the  driver  section  was 
employed.  The  conical  volume  was  obtained  by  forming  a  soft,  clay-like  material  known 
as  Sculpey  using  a  lance-like  mandrill  in  a  rolling  pin  fashion  about  the  interior  of  a  2.75" 
diameter  by  1/8"  wall  aluminum  tube  (see  design  drawings  in  Appendix  I).  A  Plexiglas 
cap  was  inserted  at  the  head  end  with  a  guide  hole  though  its  center  so  that  the  mandrill's 
motion  is  restricted  at  one  end  during  the  rolling  process.  This  assembly  was  then  placed 
inside  the  existing  driver  section  to  produce  a  conical  driver  section.  Mehta  and  Temkin 
(15)  machined  their  driver  section  to  a  specific  length  in  segments  without  the  versatility 
of  the  design  used  here. 

The  diaphragm  holder  is  composed  of  three  pieces  (fore,  mid,  and  aft  sections)  of  4- 
inch-diameter,  5/8-inch-wall,  304  stainless  steel  tube  (see  Appendix  I  for  design 
drawings).  Each  section  is  2  inches  long,  and  the  aft  section  actually  makes  up  the  shorter 
segment  of  the  driver  section.  Diaphragms  composed  of  sheets  of  aluminum  and  brass 
foils  are  placed  at  the  interfaces  between  the  fore  and  mid  sections  and  between  the  mid 
and  aft  sections.  The  fore  section  is  flanged  at  one  end  so  that  it  may  be  interfaced  with 
driven  sections,  and  all  sections  have  a  1/8-inch  NPT  port  through  which  gas  is 
introduced.  Sealing  relies  on  a  crush  fit  of  the  diaphragm  material  at  low  pressures  and 
1/16-inch  thick  Delrin  gaskets  on  either  side  of  the  diaphragm  at  high  pressures.  The 
sealing  surfaces  of  the  diaphragm  holders  must  periodically  be  reworked  to  maintain  the 
seal. 


Pressure  differentials  for  different  material  configurations  are  shown  in  Table  9.  In 
theory,  the  pressure  differential  between  the  driver  section  and  the  test  section  varies  from 
slightly  more  than  Ap^urst  to  slightly  less  than  twice  Apbujst  so  that  a  wide  range  of  shock 
strengths  is  available.  In  practice,  imperfections  in  the  diaphragm  material,  variations  of 
diaphragm  material  thickness,  and  the  finite  volume  of  the  intermediate  section  (which 
reduces  the  pressure  of  the  driver  section  after  the  first  diaphragm  has  burst)  all  reduce 
this  potential  range  of  operation. 
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Table  9.  Diaphragm  Material  Burst  Pressure  Differentials 


Material  Description 

Burst  Pressure 
Differential  (psi) 

Heavy  duty  A1  foil  0.001”,  1  sheet 

9-10 

Heavy  duty  A1  foil  0.001”,  2  sheet 

18-19 

Heavy  duty  A1  foil  0.001”,  3  sheet 

25-26 

Brass  foil  0.001” 

30-35 

Brass  foil  0.002” 

135-160 

The  diaphragms  divide  the  shock  tube  into  three  sections:  1)  the  driver  section  (high 
pressure);  2)  the  driven  section  (low  pressure);  and,  3)  the  intermediate  section 
(intermediate  pressure)  whereby  the  pressure  differential  across  the  diaphragms  is 
insufficient  to  fail  the  diaphragm.  The  filling  process  is  such  that  all  sections  are  filled  to 
the  test  section  pressure  initially;  the  intermediate  and  driver  sections  are  then  filled  to  the 
intermediate  section  pressure;  and  then  the  driver  section  is  filled  to  its  final  pressure.  To 
initiate  the  shock,  the  gas  in  the  intermediate  section  is  dumped  into  the  driven  section. 
This  causes  the  pressure  differential  across  the  first  diaphragm  to  exceed  the  point  at 
which  it  fails.  The  first  diaphragm  then  fails,  and  because  the  volume  of  gas  in  the  driver 
section  is  so  much  greater  than  the  intermediate  section  volume,  the  combined  volume  of 
the  driver  section  and  the  intermediate  section  is  still  at  a  pressure  in  excess  of  that 
needed  to  fail  the  second  diaphragm.  The  second  diaphragm  then  fails  and  the  wave 
propagates  down  the  shock  tube  to  the  test  section. 

Six  driven  section  lengths  with  mating  flanges  are  composed  of  3-inch-by-3-inch- 
square,  1/2-inch-walled  aluminum  tube  to  yield  a  2-inch-by-2-inch  bore  encased  in  a  4- 
inch-diameter,  1/4-inch-wall,  304  stainless  steel  tube  (see  design  drawings  in  Appendix 
I).  The  empty  volume  between  the  two  tubes  was  filled  with  epoxy.  The  square  tube 
bore  dimensional  variation  was  found  to  be  approximately  .012  inches.  However,  the 
mating  face  variations  were  reduced  to  .002  inches  by  cutting  a  number  of  lengths  and 
using  only  those  within  a  specified  tolerance.  In  this  manner,  transitions  between  sections 
were  optimized  to  provide  minimal  steps  between  sections.  Transition  between  the  round 
cross-section  of  the  diaphragm  holder  and  the  square  cross-section  of  the  driven  section 
was  smoothed  out  with  modeling  clay. 

The  test  section  provides  a  station  where  droplets  are  introduced  into  the  bore  of  the 
shock  tube,  collected  liquid  is  removed,  and  3.5-inch-diameter  viewports  are  placed  to 
fully  view  the  drop/shock  interaction  (see  design  drawings  in  Appendix  I).  The  design  of 
the  test  section  also  maintains  constancy  of  the  2"  by  2"  cross-section  to  minimize 
reflections  from  test  section  internal  surfaces  which  could  adversely  affect  the  tractability 
of  the  flow  field.  Provisions  for  location  of  piezoelectric  pressure  transducers  before  and 
after  the  drop  injection  station  were  also  made.  The  circular  viewports  are  positioned 
with  a  downstream  offset  from  the  droplet  introduction  station  so  that  the  viewing  region 
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anticipates  the  loci  of  the  droplets  during  the  interaction.  The  windows  are  composed  of 
quartz  (NSG-OZ,  which  is  not  optical  quality,  but  is  adequate  for  photography),  are  3.5 
inches  in  diameter  by  2  inches  thick,  and  have  a  design  pressure  is  in  excess  of  1500 
psia.  The  windows  are  face  sealed  with  a  double  o-ring  technique  which  has  been 
proofed  to  over  1100  psia  (see  design  drawings  in  Appendix  I).  All  metal  surfaces  in 
contact  with  the  windows  are  veneered  with  either  aluminum  tape  or  acrylic  tape  to  avoid 
excessive  point  stresses.  The  modularity  of  the  test  section  provides  for  easy 
modification  for  any  future  efforts. 

The  stand  for  the  shock  tube  driver  section  is  composed  of  twin,  parallel-mounted  I- 
beams  which  are  bolted  together  through  their  central  web.  Bolted  to  these  I-beams  are 
fore  and  aft  pushes  which  confine  the  motion  of  the  fore  diaphragm  holder  on  one  end 
and  the  base  of  a  hydraulic  jack  at  the  other  end  (see  Appendix  I  for  design  drawings). 
The  hydraulic  jack  (Norco  model  76520G  20  ton  bottle  jack)  is  used  to  compress  the 
diaphragm  holder  and  driver  section  stack  so  that  the  diaphragms  seal  the  pressurized 
volumes  which  they  bound.  The  driver  section  rests  on  four  cam-follower  bearings  and 
permits  the  section  to  be  rolled  along  its  axis  for  purposes  of  changing  diaphragms.  The 
diaphragm  holder  rests  in  a  V-shaped  gutter  which  guides  the  positioning  of  the  pieces 
relative  to  each  other.  This  design  provides  an  easy  means  of  changing  diaphragms 
between  tests.  All  test  stand  sections  are  bolted  to  a  flat  welded  to  the  top  of  inverted  T- 
shaped  stands.  These  stands  are  composed  of  T-bar  pieces  which  are  welded  together  and 
rest  on  threaded  feet  which  permit  minor  adjustments  in  test  stand  height. 

Gas  Flow  Facility.  The  gas  flow  facility  provides  regulation  and  control  of  gas  used 
to  fill  the  shock  tube  (see  Figure  16).  The  gas  is  stored  in  high-pressure  cylinders 
(typically  3000  psia).  Regulators,  gages,  solenoid  control  switches  and  hand-actuated  ball 
valves  are  mounted  on  a  control  panel  in  the  control  room.  The  gas  pressure  delivered  to 
the  shock  tube  is  regulated  by  a  16-tum  Grove  model  15LH  regulator.  Heise,  Seegers, 
and  Ashcroft  gages  are  used  to  monitor  static  pressure  as  each  of  the  three  sections  of  the 
shock  tube  are  filled  to  their  respective  pressures.  The  Heise  and  Seegers  gages  are  used 
to  accurately  determine  the  pressure  in  each  section  and  the  Ashcroft  gages  are  used  for 
indication  purposes.  Four  Marotta  model  MVlOO,  normally  closed,  two-port,  two-way 
solenoid  valves  mounted  on  a  panel  adjacent  to  the  diaphragm  holder  are  used  to  seal  the 
shock  tube  volumes  as  close  to  the  shock  tube  as  possible.  Hoke  model  2233  10- 15- 
micron  filters  protect  the  solenoid  valve  seating  surfaces  from  dust  and  debris.  One  of  the 
solenoid  valves  is  used  to  initiate  the  shock  by  allowing  the  gas  in  the  intermediate 
section  to  flow  into  the  driven  section.  Additionally,  hand  operated  ball  valves  (Hoke 
model  7115)  on  the  flow  panel  provide  a  redundant  means  of  controlling  the  flow  of 
pressurized  gas  to  the  shock  tube.  All  lines  are  1/4-inch,  304  stainless  steel  seamless 
tubing.  Connections  are  made  with  37-degree  flare  fittings  (AN)  and  necessary  NPT 
instrumentation  fittings.  Flex  lines  run  from  the  solenoid  valve  panel  to  the  diaphragm 
holder  fill  ports  and  also  from  the  test  cell  wall  to  the  shock  tube  stand. 
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Figure  16 

Shock  Tube  Flow  Facility 


Drop  Generator  Facility.  The  drop  generator  flow  facility  operates  using  a  pressure 
feed  system  whereby  a  pressurized  ullage  in  a  liquid  storage  cylinder  forces  liquid  in  that 
cylinder  to  the  drop  generator,  located  in  the  drop  generator  housing.  Figure  16  also 
details  the  drop  generator  liquid  flow  circuit. 

The  gas  flow  facility  provides  regulation  and  control  of  gas  used  to  pressurize  the 
ullage  of  the  sample  cylinder  in  which  the  droplet-comprising  liquid  resides.  The  gas  is 
stored  in  high-pressure  cylinders  (typically  30(K)  psia)  and  is  the  same  as  that  used  to  fill 
the  shock  tube.  A  regulator,  pressure  gages,  and  ball  valve  (which  control  the  gas  flow 
and  pressure)  are  located  on  a  control  panel  in  the  control  room.  The  gas  pressure 
delivered  to  the  shock  tube  is  regulated  by  a  16;-tum  Grove  model  15LHX  regulator.  An 
ITT-Barton  differential  pressure  gage  is  used  to  set  the  pressure  in  the  liquid  cylinder 


relative  to  the  pressure  in  the  shock  tube  test  section.  An  Ashcroft  gage  is  used  to 
determine  absolute  pressure  in  the  ullage.  All  gas  lines  are  1/4-inch,  304  stainless  steel 
seamless  tubing  with  37-degree  flare  fittings  (AN)  and  necessary  NPT  instrumentation 
fittings.  A  flex  line  rans  from  the  test  cell  wall  to  the  shock  tube  stand  as  well  as  from 
the  shock  tube  stand  to  the  liquid  flow  facility  control  panel. 

The  liquid  flow  facility  provides  flow  control  of  the  liquid  passing  through  the  drop 
generator  and  is  mounted  on  a  small  panel  in  the  test  cell  adjacent  to  the  pressurized  drop 
generator  housing  (see  Figure  17).  The  liquid  is  stored  in  a  Whitey  1-liter  sample 
cylinder  which  has  two  Whitey  3- way  valves  at  either  end  to  provide:  1)  a  means  of 
filling  and  venting  the  cylinder  during  the  fill  process,  and  2)  pressurizing  and  delivering 
the  liquid  to  the  flow  control  circuit.  Also  in  series  along  the  flow  circuit  are  a  Whitey  7- 
micron  filter,  a  Whitey  coarse  regulating  valve,  an  Omega  #10  flow  meter,  a  Whitey  fine 
metering  valve,  and  two  Hoke  filters  at  either  port  of  a  Marotta  model  MV  100,  normally 
closed,  two-port,  two-way  solenoid  valve.  Most  liquid  side  lines  are  1/8-inch,  304 
stainless  steel  seamless  tubing  with  Swagelok  fittings.  Flexible  liquid  lines  are  1 /8-inch 
Tefzel  with  Swagelok  fittings. 


t 

Collector  Cylinder 

Figure  17 

Drop  Generator  Housing  Schematic 
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The  drop  generator  housing  permits  injection  of  droplets  into  environments  at 
pressures  higher  or  lower  than  atmospheric  pressure  or  composed  of  gases  other  than  air 
(see  design  drawings  in  Appendix  I).  The  drop  generator  housing  is  composed  304 
stainless  steel  tube  16.5  inches  long,  4  inches  in  diameter  with  1/4-inch  wall;  it  is  flanged 
at  each  end.  A  transition  section  between  this  and  the  test  section  is  composed  of  4.5- 
inch-long,  2-inch-diameter,  1/4-inch  wall,  304  stainless  steel  tube  and  has  flanges  at  each 
end  which  mate  with  the  test  section  and  the  drop  generator  housing.  At  the  top  of  the 
drop  generator  housing  is  a  blind  flange  where  provisions  for  introducing  droplet  liquid, 
any  necessary  co-flowing  gas,  and  electrical  excitation  are  made.  Electrical  access  to  the 
drop  generator  housing  is  provided  by  a  3/4-inch  NPT  electrical  feed  through 
manufactured  by  PAVE  with  six,  14-gauge  wires  and  two  type  K  thermocouple  wires. 
Fluid  access  to  the  drop  generator  is  provided  by  two  1/8-inch  NPT  ports.  A  translation 
stage  manufactured  by  Velmex  and  a  fixture  to  which  the  drop  generator  is  attached 
inside  the  housing  permit  motion  of  the  drop  generator  exit  relative  to  the  test  section. 
The  pressurized  housing  concept  permits  existing  drop  generators  to  be  employed  without 
concern  for  structural  integrity  or  interfacing  with  the  existing  test  section. 

The  drop  generator  used  in  this  work  is  of  the  Berglund-Liu  variety  (19).  This  device 
uses  an  electrically  excited  piezoelectric  wafer  to  excite  Rayleigh  instabilities  in  a  liquid 
stream  passing  through  optical  pinholes  of  varying  size  (see  Figure  18).  Further  details  of 
this  device  are  found  elsewhere.  Drop  diameters  are  typically  1.8  times  the  pinhole 
diameter  although  larger  droplets  are  sometimes  produced  through  coalescence  of 
adjacent  droplets.  Recent  work  by  Connon  and  Dunn-Rankin  (20)  has  mapped  the 
operating  range  of  this  device  at  pressures  to  1000  psia  with  water  injected  into  helium. 
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Figure  18 

Schematic  of  Berglund  &  Liu-Type  Drop  Generator 
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The  drop  generator  is  mounted  on  a  fixture  at  the  top  of  the  test  section.  Flexible 
electrical  and  fluid  lines  attach  to  it  from  the  blind  flange  at  the  top  of  the  housing.  The 
translation  device  is  then  used  to  position  it  relative  to  the  test  section  bore.  The  injection 
point  can  be  placed  within  1/8  inch  of  the  shock  tube  bore  and  as  far  away  as  6  inches. 

Diagnostics.  The  diagnostic  technique  employed  in  this  effort  was  shadowgraphic 
cinematography  of  the  droplet  response  to  an  imposed  shock  wave  using  a  copper  vapor 
laser  as  the  light  source  and  a  high  speed  streak  camera  to  obtain  the  images.  Pressure 
gages  and  piezoelectric  pressure  transducers  measured  the  pressure  history  and  helped 
characterize  the  flow  field  experienced  by  a  drop  during  the  event. 

High  speed  cinematography,  since  its  advent  in  the  1940s,  has  provided  a  means  of 
recording  events  too  fast  for  the  human  eye  to  resolve.  For  the  present  application, 
resolution  at  both  temporal  (due  to  time  scale  over  which  the  event  occurs)  and  spatial 
(due  to  the  small  size  of  the  drops  observed)  levels  was  necessary  to  capture  and 
understand  the  resulting  images. 

For  events  which  do  not  produce  their  own  light,  lighting  is  typically  done  using  two 
basic  techniques:  1)  continuous  exposure  of  the  subject  with  a  shuttered  optical  path,  or 
2)  shutter  sequenced  stroboscopic  exposure  of  the  subject.  The  quality  of  the  images 
produced  with  high  speed  cinematography  has  traditionally  been  tied  to  the  time  stopping 
ability  of  the  strobe  used  or  the  shutter  exposure  time.  In  cinematography,  the  shutter 
typically  controls  the  exposure  duration  of  the  event  being  photographed.  However, 
because  shutters  are  mechanical  in  nature,  small  exposure  times  are  difficult  to  achieve. 
The  best  commercially  available  strobes  have  pulse  durations  on  the  order  of  a 
microsecond  and  repetition  rates  up  to  6  kHz.  For  the  present  application,  such  time 
scales  are  too  large  to  resolve:  1)  the  droplet  motion  and  response,  and  2)  the  droplets  at 
any  given  instant  due  to  image  blurring  of  a  moving  object. 

Recently,  a  commercially  available  pulse  laser  has  found  use  as  a  strobe  for  high 
speed  cinematography.  The  copper  vapor  laser  produces  pulses  20-30  nsec  in  duration  at 
repetition  rates  from  single  shot  to  32  kHz.  Because  its  pulse  energy  is  on  the  order  of 
0.1-2  mJ,  sufficient  light  for  photographic  illumination  is  available.  Most  other  pulse 
lasers  which  produce  pulses  of  sufficient  energy  for  photographic  purposes  have  pulse 
durations  an  order  of  magnitude  longer  at  the  top  copper  vapor  laser  repetition  rate.  Most 
also  have  similar  pulse  durations  at  repetition  rates  orders  of  magnitude  less  than  the  top 
rate  of  the  copper  vapor  laser. 

For  resolution  of  the  droplet  response  phenomena  to  be  observed  in  this  effort, 
Sirignano  has  suggested  temporal  resolution  on  the  order  of  tens  of  microseconds  and 
spatial  resolution  on  the  order  of  a  few  microns  is  necessary. 

The  Oxford  model  CU-lOA  copper  vapor  laser  operating  at  32  kHz  provides  a 
temporal  resolution  of  31.25  microseconds  and  was  purchased  for  this  effort. 
Additionally,  the  short  pulse  duration  (20-30  nanoseconds)  minimizes  image  smearing. 
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For  example,  a  lO-micron  droplet  traveling  at  100  m/s  moves  one-fourth  of  its  diameter 
during  a  25-nanosecond  pulse  typical  of  a  copper  vapor  laser,  and  ten  diameters  during  a 
one-microsecond  pulse  typical  of  the  best  strobes.  The  laser  produces  a  1 -inch-diameter, 
non-polarized  beam  of  green  (511-nm)  and  yellow  (578-nm)  light  which  is  in  a  2:1 
intensity  ratio.  The  laser  is  easily  triggered  with  microsecond  order  delay  and  can 
produce  a  series  of  pulses  with  periods  of  darkness  prior  and  immediately  following  the 
series  of  pulses.  Oxford  with  technical  input  from  UCI  developed  a  device  which 
controls  such  sequences  called  an  N-shot  controller,  and  UCI  received  the  first  such 
production  device. 

Most  microscopes  are  capable  of  micron  level  spatial  resolution,  and  long  distance 
microscopes  are  capable  of  that  order  of  resolution  with  the  longer  working  distances 
necessary  to  observe  phenomena  in  pressure  vessels.  An  Infinity  K-2  long  distance 
microscope  has  3-micron  resolution  at  a  working  distance  of  4  inches  with  the  CF-3 
objective  and  was  purchased  for  this  effort. 

While  a  video-type  digital  camera  system  is  ideal  for  recording  most  images,  no 
commercially  available  system  has  the  pixel  transfer  rate  (usually  less  than  40  Mpixels/s.) 
to  record  detailed  micron  resolution  images  at  32  kHz.  It  is  estimated  that  pixel  rates  on 
the  order  of  100  times  that  of  the  currently  available  technology  are  necessary  for  this 
application.  Accordingly,  a  high  speed  film  camera  was  necessary  to  provide  the 
resolution  for  this  application.  The  larger  35-mm  format  and  the  laser  compatible  writing 
rate  of  the  Cordin  model  318  drum  streak  camera  most  aptly  fit  the  cinematographic 
system  being  developed  and  was  leased  for  this  effort.  The  non-framing  or  streak  camera 
can  be  used  because  the  laser  pulse  itself  acts  to  frame  individual  instants  of  time  in  the 
shadowgraphic  arrangement  for  these  experiments.  If  the  phenomena  recorded  produced 
light,  this  arrangement  could  of  course  not  be  used. 

In  the  experiments  performed,  the  beam  issues  from  the  laser  and  is  diverted  by  a 
mirror  through  the  test  section,  backlighting  the  droplets  relative  to  the  camera.  Tests 
have  been  done  where  the  beam  is  diverged  with  a  lens  prior  to  entering  the  test  section 
and  where  the  collimated  beam  passes  through  the  test  section.  Light  levels  have  been 
found  sufficient  whether  the  spot  size  at  the  image  plane  is  1  inch  or  3  inches  at  the 
highest  repetition  rates  of  the  laser. 

Should  digital  processing  be  desirable,  a  film  scanner  could  be  employed  to  use  the 
full  digital  resolution  of  a  digital  camera  to  view  a  distinct  region  of  a  film  frame  of  the 
original  film  recording  at  the  much  lower  pixel  rate  necessary  to  maintain  spatial 
resolution.  Once  a  digital  image  is  obtained,  simple  edge  detection  algorithms  in 
conjunction  with  symmetry  assumptions  can  be  employed  to  quantify  particular  quantities 
of  interest. 

Two  types  of  pressure  measurements  were  made  in  conjunction  with  the  optical 
diagnostics:  1)  static  pressures  of  the  three  volumes  which  comprise  the  shock  tube  and  2) 
transient  pressure  histories  of  the  shock  as  it  passes  through  the  test  section.  The  static 
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pressure  of  the  driver  section,  P4,  relative  to  the  driven  section,  P^,  provides  a  means  of 
projecting  the  shock  strength  at  the  test  section  after  losses  are  considered.  The  peak 
transient  pressure  summed  with  the  static  pressure  of  the  driven  section,  P2,  relative  to 
the  static  pressure  of  the  driven  section,  Pj,  determines  the  shock  strength  at  each  of  the 
transducer  locations  in  the  test  section.  From  this  shock  strength-using  the  one¬ 
dimensional  equations  of  Appendix  B— the  maximum  particle  velocity  and  a  history  of  the 
particle  velocity  at  the  two  transducer  locations  can  be  calculated. 

The  static  pressures  were  measured  using  one  of  three  interchangeable  gages:  1)  0- 
100-psia  Seegers;  2)  0-1200-psig  Heise;  or,  3)  0-3000-psig  Heise.  The  transient  pressure 
histories  were  measured  by  PCB  Piezotronics  model  113A20  piezoelectric  pressure 
transducers  positioned  2  inches  upstream  and  2  inches  downstream  of  the  geometric 
center  of  the  test  section  and  on  either  side  of  the  drop  stream  injection  point. 

Due  to  the  transient  nature  of  these  experiments,  sequencing  various  events 
associated  with  execution  of  the  experiment  and  recording  the  images  was  a  primary 
consideration.  Much  of  the  difficulty  has  been  alleviated  through  the  development  of  the 
N-shot  controller  by  Oxford  Lasers;  however,  selection  of  trigger  signals  and 
conditioning  these  signals  appropriately  is  still  necessary.  The  Figure  19  schematic 
describes  the  process. 


Tube 


Figure  19 

Secondary  Atomization  Experiment  Control  Schematic 
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Once  the  shock  tube  has  been  prepared  for  firing,  the  drop  generator  is  operating,  and 
the  drum  camera  is  at  speed,  the  experiment  is  initiated  by  switching  the  solenoid  which 
dumps  the  intermediate  section  gas  into  the  driven  section.  The  24-V  signal  produced  by 
this  solenoid  switch  is  voltage  divided  to  a  5-V  level  which  is  sent  to  the  N-shot 
controller  to  turn  the  laser  off  from  its  free  running  frequency  and  initiate  opening  of  the 
camera  shutter.  A  trigger  with  user  selected  delay  is  also  issued  by  the  N-shot  controller 
after  which  time  the  laser  fire  trigger  will  be  accepted.  This  is  a  fail-safe  mechanism 
which  allows  the  system  to  timeout  should  the  shock  be  inadvertently  produced  by 
premature  diaphragm  failure  or  not  be  produced  at  all.  As  the  shock  wave  passes  the  first 
piezoelectric  pressure  transducer,  the  signal  produced  by  this  device  is  used  to  trigger  the 
data  acquisition  system,  and  the  delay  generator  which—after  a  user  selected  delay- 
triggers  the  N-shot  controller  to  send  a  series  of  trigger  pulses  to  the  laser  at  the  selected 
burst  frequency.  The  laser  fires  the  user  selected  number  of  pulses,  the  camera  records 
the  images,  the  N-shot  controller  initiates  closing  the  shutter,  the  laser  reverts  to  its  free 
run  operating  frequency,  and  the  experiment  is  complete.  Figure  20  shows  a  timeline  of 
this  sequence  of  events. 
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Figure  20 

N-Shot  Controller  Timeline  for  UCI  Shock  Tube  Experiment 
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The  data  acquisition  system  is  a  Tektronix  TestLab  model  2505  with  eight,  11-bit 
channels  and  four,  2-bit  channels  at  100  kHz.  Because  the  pressure  transducers  and  laser 
trigger  signals  are  stored  with  a  common  time  base,  the  flow  field  can  be  directly  related  to 
the  images  recorded  on  the  film  with  temporal  error  on  the  order  of  ten  microseconds. 
The  delay  generator  is  a  Stanford  Research  Systems  model  DG535  and  is  used  to  set  the 
times  the  images  are  recorded.  Additional  insight  into  a  particular  experimental  image 
sequence  of  droplet  response  can  be  obtained  by  running  a  similar  experiment  with  the 
delay  set  to  a  value  between  0  and  the  reciprocal  of  the  burst  frequency.  If,  for  instance, 
the  delay  were  changed  by  an  amount  equal  to  half  of  the  reciprocal  of  the  burst 
frequency,  images  at  time  instances  halfway  between  those  taken  in  the  previous 
experiment  would  be  obtained.  If  conditional  sampling  can  be  assumed,  the  temporal 
resolution  can  be  decreased  significantly  in  a  similar  fashion. 

A  summary  of  the  above  shock  tube,  drop  generator,  and  diagnostic  descriptions  was 
originally  presented  in  an  AIAA  paper.  A  copy  of  this  paper  is  provided  as  Appendix  J. 

Results.  Initial  tests  were  performed  at  atmospheric  pressure.  The  test  conditions  and 
results  are  shown  in  Table  10.  Two  fluids  (methanol  and  water)  and  three  wave  durations 
(1.6  ms.,  2.3  ms.,  and  infinite)  are  presented.  All  waves  have  a  shock  strength  of 
approximately  1.5  and  the  droplets  are  initially  117-122  pm  in  diameter.  Measured  values 
of  wave  duration,  original  drop  diameter,  and  shock  strength  as  well  as  corresponding 
maximum  values  of  previously  defined  dimensionless  parameters  (see  Appendix  G)  are 
also  shown  in  Table  10.  The  duration  of  the  wave  is  defined  as  the  time  from  the  pressure 
peak  to  the  time  at  which  the  pressure  returns  to  zero.  Square  waves  are  reflective  of  an 
N-wave  of  infinite  duration  relative  to  the  breakup  process  and  are  probably  comparable 
with  most  other  data  in  the  literature. 


Table  10.  Secondary  Atomization  Initial  Test  Parameters 


Test  Wave  Shock 


No. 

Fluid 

Duration 

(ms) 

D 

(jjm) 

Strength 

^^max 

^^max 

Oh 

(fm) 

H 

1 

Methanol 

1.2 

122 

1.48 

1050 

84 

.0175 

40 

9.3 

2 

Methanol 

1.8 

117 

1.50 

1060 

87 

.0179 

30 

8.8 

3 

Methanol 

00 

117 

1.48 

1010 

81 

.0060 

30 

7.6 

4 

Water 

1.1 

122 

1.50 

1100 

28 

.0060 

90 

8.6 

5 

Water 

1.8 

122 

1.51 

1130 

29 

.0060 

65 

7.7 

6 

Water 

00 

117 

1.50 

1060 

27 

.0061 

65 

6.7 
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The  sequences  of  images  for  each  test  are  shown  in  Figures  21a  and  21b.  The 
interframe  spacing  is  approximately  33  1/3  ms.  and  the  magnification  is  approximately 
4.58.  The  times  are  measured  from  the  time  at  which  the  shock  impinges  on  the  drop 
stream  minus  about  10  ms  so  that  a  baseline  drop  size  is  established  in  the  photographic 
record.  Figures  22a  and  22b  show  the  non-dimensional  displacement  as  a  function  of 
time  normalized  by  a  transformation  which  accounts  for  the  cumulative  dynamic  pressure 
which  the  parent  droplet  experiences  to  time  t.  Most  frames  capture  at  least  five  droplets 
so  the  maximum  and  minimum  displacements  are  both  represented  in  the  figure.  The 
transformation  is  as  follows: 


_2_£_  1 


/  .  V 


(2) 


Variation  in  the  methanol  curves  is  probably  due  to  droplet  deformation  effects  on 
the  drag  coefficient.  Water  has  a  much  higher  surface  tension,  and  so  the  parent  droplet 
stays  essentially  spherical  throughout  the  breakup  process.  Methanol,  however,  has 
roughly  a  third  of  the  surface  tension  of  water.  Therefore,  parent  methanol  droplets  distort 
substantially  from  their  initial  spherical  shape,  which  changes  the  manner  in  which  they 
are  displaced. 

Based  on  these  values,  water  droplets  are  found  to  be  in  the  “bag”  mode  according  to 
equation  (2)  and  the  methanol  drops  are  found  to  be  in  the  “shear”  mode,  but  both  are 
characterized  as  an  intermediate  between  "bag"  and  "shear"  or  "multimode"  breakup  by 
Hsiang  and  Faeth  (21). 

Detailed  analysis  of  the  photos  indicates  the  maximum  product  drop  size  is  larger  for 
shorter  duration  waves  and  smaller  for  higher  We^ax  waves.  This  could  be  hypothesized 
when  the  longer  duration  convective  field  is  considered.  The  longer  a  convective  field 
has  to  act  on  a  droplet  the  more  opportunity  it  has  to  deform  and  break  up  that  droplet  as 
previously  found  by  Hinze  (22).  For  an  N-wave  the  relative  velocity  decreases  not  only 
because  the  convective  field  associated  with  the  wave  is  decreasing  but  also  due  to  the 
induced  motion  of  the  droplet  by  that  flow.  For  a  square  wave,  the  convective  field 
velocity  is  constant;  only  the  induced  motion  of  the  droplet  decreases  the  relative  velocity 
between  the  flow  field  and  the  droplet.  Therefore,  the  relative  Weber  number  between 
the  convective  field  and  the  droplet  falls  off  much  more  quickly  for  an  N-wave  than  for  a 
square  wave  and,  accordingly,  the  capacity  to  break  up  the  droplet  is  reduced.  Qualitative 
analysis  also  indicates  the  average  stripped  droplet  sizes  decrease  with  longer  duration 
waves  and  higher  Wej^^x  waves,  which  could  be  another  conclusion  drawn  from  the 
previous  discussion. 
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As  droplet  dispersion  is  also  a  drag  related  quantity,  the  transformation  above  is 
believed  to  apply  to  dispersion  as  well.  The  small  droplets  sheared-off  in  the  process 
almost  certainly  remain  spherical  and  would  be  expected  to  track  the  flow  in  a  fixed 
relationship  to  their  larger,  spherical  parent  droplets.  Because  the  velocity  field  of  an  N- 
wave  drops  off  as  the  pressure,  the  N-wave  disperses  the  product  droplets  less  than  a 
square  wave  of  the  same  amplitude.  This  is  evident  in  the  photographs  even  though  no 
quantitative  calculation  has  been  completed  to  date. 

Droplet  breakup  time  remains  a  difficult  measurement,  if  not  a  very  subjective 
quantity,  as  completion  of  breakup  is  difficult  to  assess  without  a  more  continuous  view 
of  the  process.  In  the  present  work,  the  rate  at  which  photos  were  taken  dictates  that  the 
error  in  this  quantity  be  +/-  1.  There  does  appear  to  be  an  increase  in  breakup  time  as 
wave  duration  increases,  although  the  error  with  which  the  measurement  is  taken 
precludes  a  definitive  statement  on  this  trend.  If  this  trend  is  true,  the  longer  exposure 
time  to  the  convective  gas  flow  for  longer  duaration  waves  would  seem  to  be  the  reason 
that  the  breakup  process  exceeds  that  of  shorter  duration  waves.  It  is  difficult  to  believe 
that  other  researchers  have  been  able  to  obtain  values  which  are  more  accurate  than  those 
presented  here  due  to  the  high  framing  rate  (30kHz.)  afforded  by  the  copper  vapor  laser. 
Hsiang  and  Faeth  (21)  have  taken  pictures  at  a  rate  less  than  one  third  (6-8kHz,  5-14 
frames  total)  of  this  and  thus  the  error  could  be  expected  to  be  on  the  order  of  three  to 
five  times  that  found  here  for  drops  with  equivalent  drop  diameter  to  relative  velocity 
(D/Ufei)  ratios.  The  inverse  of  the  number  of  pictures  in  a  movie  of  the  process  is  a  good 
way  to  determine  the  accuracy  of  the  measurement;  therefore,  a  5  frame  movie  could  be 
expected  to  have  an  error  of  20%,  if  the  movie  ended  at  the  completion  of  breakup  and 
started  at  the  beginning  of  the  shock/drop  interaction.  This  may  explain  the  wide 
variation  in  most  data  presented  to  date  as  the  previous  state-of-art  (before  copper  vapor 
laser)  in  the  strobe  flash  rate  was  about  6  kHz.  At  best,  equivalent  drop  size  distributions 
for  two  successive  frames  are  required  to  assess  this  quantity.  Very  little  evidence  of 
detailed  photographic  analysis  of  this  nature  has  been  found  in  the  literature.  The 
suspected  subjective  nature  of  this  measurement  and  thus  the  wide  variation  (0.5  - 1  order 
of  magnitude)  in  reported  values  of  breakup  time  is  therefore  well  founded.  The  value  is 
very  well  limited  (2  <  <  10  )  over  a  substantial  range  of  We,  but  nonetheless  relatively 

uncorrelated  compared  to  other  natural  phenomena.  At  substantially  higher  We  (>10^), 
where  rocket  engines  operate,  the  error  in  measuring  breakup  time  can  be  expected  to 
increase  due  to  the  difficulty  in  obtaining  experimental  conditions  at  relatively  low 
DAJrel  with  the  associated  higher  framing  rates  required.  Note  that  at  fixed  D/Urej,  We 
increases  as  the  cube  of  Uj-el-  Repeated  experiments  with  conditional  sampling  at  times 
near  the  breakup  time  could  be  used  to  improve  the  accuracy  of  this  quantity,  however. 
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shock  duration  =  1.2  ms  shock  duration  =  1.8  ms  shock  duration  =  qq 


Fig.  22a 

Water  Droplet  Displacement  as  a  Function  of  Time 
D  =  145  ixm.  Shock  Strength  =1.5 


Figure  22b 

Methanol  Droplet  Displacement  as  a  Function  of  Time 
D  =  145  |xm.  Shock  Strength  =1.5 
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TASK  3  -  VERIFICATION  OF  APPLICABILITY  OF  MECHANISMS 


This  task  was  conducted  in  parallel  with  the  experimental  (Task  2)  portion  of  the 
effort  and  was  performed  primarily  by  the  UCI  research  group  under  Dr.  W.  Sirignano's 
guidance.  It  involved  a  theoretical/computational  effort  to  place  existing  spray 
combustion  theoretical  models  in  a  useful  form  to  treat  situations  where  propellant 
vaporization  is  the  rate-controlling  factor.  Current  models  have  been  developed  for 
hydrocarbon  fuel  droplets  vaporizing  under  sub-critical  conditions.  Initial  effort 
concentrated  on  adjusting  these  transient  droplet  heating  and  vaporization  models  so  that 
liquid  propellant  rocket  combustion  can  be  studied. 

Note  that  this  effort  was  not  a  fully  independent  research  project  because  of  the 
funding  constraints  of  the  LSM  program.  Advantage  was  taken  of  other  UCI  research 
programs  addressing  theoretical  models  of  spray  combustion.  Existing  computer  codes 
from  these  other  projects  were  employed  as  a  base  for  the  new  study.  Suitable 
modifications  for  the  rocket  combustion  process  and  environment  were  made  to  the 
existing  model;  however,  cryogenic  propellants  and  super-critical  pressures  were  not 
included. 

The  object  of  the  Task  3  vaporization  work  was  to  compare  computational  results 
with  experimental  results  and  to  make  certain  inferences  about  a  model  for  combustion 
instability  in  liquid  propellant  rockets.  The  model  was  based  upon  the  assumption  that 
vaporization  is  the  controlling  factor  in  the  burning  rate  of  the  liquid  propellants.  Sub- 
critical  pressure  conditions  for  oxidation  of  liquid  hydrocarbon  fuels  was  emphasized. 
The  vaporization  of  hydrocarbon  fuel  was  considered  to  be  slower  than  the  vaporization 
of  the  liquid  oxygen  and  therefore  rate  controlling. 

An  axisymmetric,  time-dependent  computational  model  for  oscillatory  and  transient 
gaseous  freestream  conditions  was  developed  as  an  advancement  on  existing  models 
developed  by  Chiang  and  Sirignano  for  steady  freestream  conditions.  The  details  of  the 
model  development  are  contained  in  a  paper  by  A.  Duvvur,  C.  H.  Chiang,  and  W.  A. 
Sirignano;  a  copy  is  included  as  Appendix  K.  This  appendix  should  be  consulted  for 
detailed  descriptions  of  the  model.  (The  paper  is  soon  to  be  published  in  the  AIAA 
Journal  of  Propulsion  and  Power).  In  terms  of  applications,  the  model  emphasizes 
oscillatory  free  streams;  it  has  also  been  applied  to  the  low-pressure,  experimental 
situation  studied  by  UTRC  under  Task  2. 

Comparison  with  Experiment 

In  the  low-pressure  vaporization  experiments,  UTRC  used  a  stream  of  droplets 
falling  through  quiescent  air  with  and  without  transverse  shock  waves  passing  by  the 
droplet  (see  Task  2  description  and  Appendices  C,  D,  and  E).  Previously,  UCI  conducted 
an  axisymmetric  droplet  calculation  (23)  where  a  step  function  in  gas  velocity,  pressure. 
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and  temperature  is  experienced  by  a  water  droplet.  In  the  current  program,  the  same  step- 
response  model  was  compared  to  the  Task  2  low-pressure  vaporization  results. 

For  the  numerical  calculations,  the  information  provided  by  Table  1  was  used  for  the 
property  computation.  Calculations  of  an  isolated  water  (or  methanol)  droplet  behind  a 
1.2-pressure-ratio  shock  wave  were  made.  At  this  stage,  only  a  comparison  of  the  droplet 
diameter  decrease  in  the  very  early  period  of  its  lifetime  could  be  made. 

Also,  a  quasi-steady  analysis  was  conducted  by  employing  Emmons'  solutions 
combined  with  an  empirical  correction  for  a  single  fuel  droplet  vaporizing  in  a  convective 
environment.  This  simple  analysis  served  as  a  benchmark  test  and  assumes  that  Le  =  Sc 
=  Pr  =  1,  eventually  yielding  a  "D^^"  law; 

D^/^=Di-pt  (3) 


where 


p 


B  p, 


(4) 


B  = 


Yfe-1 


(5) 


Table  1 1  lists  the  properties  used  in  the  quiescent  air  calculations.  For  the  ambient 
air  (T  =  300  K,  p  =  1  atm.),  the  viscosity  was  taken  to  be  184.6x10'^  kg/m-sec,  and  the 
density  was  assumed  to  be  1.1614  kg/m^. 


For  the  calculations  involving  the  pulse/droplet  interaction,  the  usual  normal  shock 
wave  relations  were  employed: 


M 


2 


2 


1  I 

2 


(6) 


p,  ^^2y(Mi^-1) 

Pi  1  +  Y 
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(8) 


P2  a+Y)Mi" 

p,  2  +  (y-1)M,^ 


T2  _  P2.£i_  (9) 

"^1  Pi  p2 

Again,  the  ambient  air  temperature,  T^,  was  assumed  to  be  300  K,  the  air  viscosity 
was  192.05xl0'’^  kg/m-sec,  and  the  ambient  density  (forp2  =  1.2  atm.)  was  1.1060  kg/m^. 
Table  12  lists  the  assumed  droplet  properties,  and  Table  13  gives  the  corresponding  shock 
wave  properties. 


Table  11.  Droplet  Conditions  for  Quiescent  Air  Calculations 


Water  Drop 

Methanol  Drop 

Yfs 

0.0182 

0.1021 

B 

0.01854 

0.11371 

ln(l+B) 

0.018367657 

0.1077 

U(m/s) 

5.5 

7.5 

p,  (kg/m3) 

996.6 

782.5 

P 

6.02408x10-’ 

4.00124x10-6 

Table  12.  Droplet  Conditions  for  Shock  Wave  Calculations 

Water  Drop  Methanol  Drop 


U  (m/s)  46.3  46.6 


1.7136X10-®  8.0709x10-6 
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Table  13.  Parameters  for  Shock  Wave  Calculations 


Y 

1.4 

M, 

1.08 

M2 

0.9277 

P2/P1 

1.19413 

T2/T, 

1.05217 

T2(K) 

315.65 

P2  (atm.) 

1.2 

2i\  (m/s) 

347.2 

(m/s) 

375.0 

a2  (m/s) 

356.1 

U2  (m/s) 

330.4 

U(m/s) 

44.6 

P<»  (kg/m^) 

1.1667 

|X„  (N-s/m^) 

1.84x10-5 

p,  (kg/m3) 

782.5 

\i,  (N-s/m2) 

5.09x10-4 

C  (N/m) 

0.0218 

D  (microns) 

70 

Re 

207 

Re] 

7.48 

We 

7.46 
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The  axis5nnmetric  results  for  the  quiescent  air  and  convective  cases  are  presented  in 
Figures  23  and  24,  respectively.  Figure  25  shows  the  same  data  in  the  shock  wave  case, 
but  at  very  early  droplet  lifetime  (note  that  the  UTRC  data  in  the  case  of  shock  wave 
conditions  are  t^en  very  early  in  the  transient).  Also  presented  in  these  figures  are  the 
low-pressure  vaporization  data  originally  presented  in  Figures  6  and  7. 

The  general  observation  is  that  in  the  quiescent  air  case,  the  measurements  were 
smaller  than  the  predicted  vaporization  rate;  in  the  shock  wave  case  (with  highly 
convective  effects),  the  UTRC  results  are  much  higher  than  the  'theoretical'  values.  A 
simple  analysis  also  shows  that  the  experimental  results  do  not  follow  the  trend  that 
vaporization  rate  increases  with  the  "square  root  of  Reynolds  number"  as  the  correlation 
of  Ranz  and  Marshall  suggested. 


Figure  23 

Comparison  Between  Experimental  and  Numerical  Results  for  Quiescent  Air  Case 


59 


Time  (micro  seconds) 


Figure  24 

Numerical  Results  for  Shock  Wave  Case 


Time  (micro  seconds) 


Figure  25 

Comparison  Between  Experimental  and  Numerical  Results  for  Shock  Wave  Case 
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Table  14  compares  the  droplet  diameter  decrease  (microns)  at  t  =  600  microseconds 
for  the  quiescent  air  conditions  (note  that  the  terminal  velocity,  or  free  drop  speed,  of  the 
droplet  will  yield  a  droplet  Reynolds  number  around  10).  Table  15  compares  the  droplet 
diameter  decrease  (microns)  at  t  =  6  microseconds  for  the  shock  wave  conditions. 


Table  14.  Comparison  of  Droplet  Diameter  Decrease  (Microns)  at  t  =  600 
Microseconds  for  Quiescent  Air  Case 


Droplet 

Theoretical  Result 

Experimental 

Result 

D^^Law 

Water 

0.03621 

0.01 

0.03113 

Methanol 

0.29 

0.1 

0.2068 

Table  15.  Comparison  of  Droplet  Diameter  Decrease  (Microns)  at  t  =  6 
Microseconds  for  Shock  Wave  Case 


Droplet 

Theoretical  Result 

Experimental 

Result 

Law 

Water 

0.001 

0.02 

0.0009041 

Methanol 

0.008 

0.26 

0.004185 

Note  that  the  experimental  data  were  taken  at  the  very  early  period  of  the  droplet 
lifetime,  while  the  numerical  computation  is  only  partially  converged.  However,  the 
analytical  predictions  are  close  to  those  that  the  law  predicts.  One  proposed 
explanation  for  the  discrepancy  between  the  numerical  and  experimental  data  is  that 
boundary-layer  stripping  may  occur  with  the  shock  wave,  resulting  in  a  significant 
increase  in  vaporization.  The  effects  of  boundary  layer  stripping  have  been  discussed  by 
Delplanque  and  Siiignano  (24).  The  present  results  indicate  that  stripping  can  increase 
the  effective  vaporization  rate  by  an  order  of  magnitude.  In  the  case  without  shock 
waves,  successive  droplets  are  sufficiently  close  to  cause  a  reduction  of  the  vaporization 
rate,  thus  possibly  explaining  the  difference  with  the  experimental  results.  Although 
these  effects  are  not  discussed  in  the  current  work,  Chiang  and  Siiignano  (25,  26)  have 
addressed  them  previously. 
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Oscillatory  Study 

There  is  adequate  reason  to  believe  that  the  liquid  phase  may  prove  to  be  a  driving 
mechanism  for  combustion  instability.  For  this  reason,  the  transient  heating  and 
vaporization  of  the  fuel  droplets  under  oscillating  conditions  must  be  examined.  This  is 
on  the  knowledge  that  transient  and  liquid  thermal  inertia  are  very  important  under  steady 
operating  conditions,  and  therefore  it  is  expected  that  they  should  also  be  important  under 
unsteady  conditions.  Previous  work  by  Tong  and  Sirignano  (4)  does  indeed  support  this 
theory,  and  it  has  been  shown  that  unsteady  droplet  vaporization  is  a  likely  candidate 
mp^hanism  for  driving  instability.  Their  model  assumes  constant  properties  and  is  a  one¬ 
dimensional  analysis.  The  Tong  and  Sirignano  model  is  limited  to  the  liquid  phase,  and 
therefore  vital  information  like  drag  coefficient  can  not  be  obtained  from  their  study. 

It  should  be  noted  that  not  all  droplets  injected  into  the  chamber  of  a  Uquid  rocket 
combustor-which  is  under  an  oscUlatoiy  mode  of  operation-experience  the  same 
ambient  conditions.  As  combustion  is  a  continuous  process  and  fuel  droplets  are  injected 
constantly,  droplets  injected  at  different  times  need  not  necessarily  be  going  through  the 
same  cycle. 

This  study  examined  the  role  of  droplet  vaporization  under  oscillating  atmospheric 
conditions  and  is  an  extension  of  previous  work  by  Tong  and  Sirignano  (4).  The  model 
used  here  is  an  advanced  model  with  fewer  assumptions;  its  emphasis  is  on  studying  the 
effects  of  an  oscillating  gas  phase  on  the  heat  and  mass  transfer  processes  in  the  liquid 
phase.  The  present  study  employs  an  advanced  variable-property  droplet  model  which 
calculates  both  the  gas  and  liquid  phase.  The  axisymmetric  model  has  a  regressing 
surface  and  includes  convective  effects.  Figure  26  shows  the  axisynunettic  droplet  model 
employed.  A  stream  function- vorticity  approach  is  used  in  the  liquid  phase.  In  the 
numerical  model,  the  effects  of  decreasing  relative  velocity,  varying  thermophysical 
properties,  transient  heating,  internal  circulation  of  the  liquid,  boundary  layer  blowing, 
and  moving  interface  have  been  incorporated. 
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The  oscillations  of  temperature,  pressure,  and  velocity  in  the  gas  phase  will  show 
significant  changes  in  the  heat  and  mass  transfer  rates  and  also  in  drag  coefficients. 
Droplets  are  introduced  at  various  times  in  order  to  evaluate  the  combined  effect,  and  this 
should  provide  a  comprehensive  picture  of  droplet  vaporization  under  all  injection 
conditions.  The  response  factor  of  the  system  is  calculated  in  order  to  determine  if  the 
vaporization  process  is  capable  of  driving  instability. 

As  mentioned  previously,  funding  limited  the  model  to  only  hydrocarbon  fuels. 
Therefore,  the  problem  considered  in  this  study  was  that  of  a  single  n-octane  droplet 
injected  into  the  hot  gases  of  a  combustor.  The  steady  part  of  the  relative  velocity  was 
taken  to  be  25  m/s,  upon  introduction  of  the  droplet  into  the  combustor.  (Note  that  the 
actual  value  can  vary  between  15.7  m/s  and  34.2  m/s  depending  on  the  time  of  injection 
and  the  spatial  location.)  A  mean  pressure  of  10  atm.  was  used.  The  operating  pressure 
varies  with  time,  and  the  actual  value  depends  not  only  on  the  magnitude  of  the  velocity 
oscillation,  but  also  the  initial  phase  of  injection.  Gas-phase  perturbations  are  introduced 
on  the  velocity,  pressure,  and  temperature.  The  velocity  and  pressme  oscillations  are 
dictated  by  the  classical  standing  wave  pattern  and  the  corresponding  temperature 
oscillation  is  calculated  by  assuming  an  isentropic  flow.  Appendix  K  details  the 
appropriate  gas-  and  liquid-phase  oscillatory  initial  and  boundary  conditions.  For  the 
governing  hydrodynamic,  energy,  and  transport  equations,  one  may  refer  to  the  work  by 
Chiang  (27)  and  Chiang  et  al.  (23). 

In  order  to  determine  whether  vaporization  is  capable  of  driving  instability,  it  is 
necessary  to  consider  the  contributions  of  every  droplet  present  in  the  combustor  at  a 
particular  instant  of  time.  For  the  vaporization  to  be  able  to  drive  instability,  it  is 
necessary  to  evaluate  the  component  of  the  vaporization  rate  that  is  in  phase  with  the 
pressure.  This  is  done  by  evaluating  the  response  factor,  G,  as  suggested  by  the  Rayleigh 
criterion  (4).  In  order  to  be  able  to  overcome  the  losses  and  drive  combustion  instability, 
G  should  have  a  minimum,  positive  value.  For  the  case  of  distributed  combustion,  this 
value  corresponds  to  3.72  for  longitudinal  mode  instability  (28). 

Four  different  parametric  studies  were  conducted.  These  involved: 

1.  frequency  comparison 

2.  droplet  configuration  comparison 

3.  amplitude  comparison 

4.  variation  in  the  liquid  fuel 

A  variety  of  frequencies  has  been  known  to  occur  in  liquid  propellant  rockets.  For 
this  reason,  the  frequency  of  the  instability  is  a  key  parameter  in  the  study  of  combustion 
instability,  and  it  is  necessary  to  identify  the  frequencies  that  may  be  sustained  by  droplet 
vaporization.  For  the  purposes  of  this  study,  the  frequency  may  be  better  described  by  the 
time  period  of  the  oscillation  in  terms  of  the  droplet  heating  time.  Three  different  time 
periods,  corresponding  to  0.3, 0.6,  and  0.9  of  the  droplet  heating  time  were  examined. 
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In  all  cases,  the  spatial  phase  of  injection  corresponded  to  1/8  of  a  wavelength,  and 
the  amplitude  of  the  pressure  oscillation  was  2.0%  of  the  steady  value  (10  atm.).  The 
response  factor,  G,  was  calculated  for  each  case.  Figure  27  shows  the  pressure  history  of 
droplets  exposed  to  the  three  frequencies.  The  imposed  2%  pressure  oscillation  has  a 
significant  effect  on  the  variation  of  the  droplet  vaporization  rate.  The  distribution  of  the 
elementary  response  factor  for  the  three  cases  is  shown  in  Figure  28.  The  elementary 
response  factor  distribution  varies  substantially  for  the  three  time  periods  studied,  though 
it  is  periodic  in  nature.  Table  16  shows  the  total  response  factor  for  each  frequency. 


Gas  Hydrodynamic  Diffusion  Time 


Figure  27 

Ambient  Pressure  History  with  Varying  Frequencies 
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T/Th«0.9 


20.0 


TyTheO.6 


T/ni=0.3 


Figure  28 

Distribution  of  Elementary  Gain  for  Varying  Time  Periods 


Table  16.  Comparison  of  Response  Factor  for  Varying  Frequencies 


V'Ch 

G 

0.3 

-0.52 

0.6 

5.82 

0.9 

2.98 

A  response  factor  greater  than  3.72  is  required  for  the  vaporization  process  to  be  able 
to  drive  instability.  The  oscillation  with  a  time  period  of  0.3  is  not  capable  of  driving 
instability-a  negative  G  implies  that  the  system  damps  oscillations.  The  0.6  time  period 
case  has  a  high  response  factor  and  is  therefore  capable  of  driving  a  longitudinal-mode 
combustion  instability.  This  means  that  the  component  of  the  vaporization  rate  in  phase 
with  the  pressure  is  large  enough  to  supply  enough  energy  to  the  system  so  as  to  drive  it 
into  an  unstable  operational  mode.  With  a  time  period  of  0.9  droplet  heating  time,  the 
system  is  not  capable  of  driving  and  instability.  The  0.6  time  period  corresponds  to  the 
frequency  domain  found  to  be  most  unstable  by  Bhatia  and  Sirignano  (29). 

Figure  29  shows  the  two  different  droplet  configurations  studied.  In  the  first  case, 
the  droplet  is  moving  faster  than  the  ambient  gas;  the  droplet  wake  is  therefore  behind  the 
droplet.  In  the  second  configuration,  the  droplet  is  moving  slower  than  the  gas;  the  wake 
is  therefore  ahead  of  the  droplet.  The  velocity  fluctuation  is  in  phase  with  the  steady 
component  of  the  velocity.  Thus,  a  positive  velocity  fluctuation  means  an  increase  in  the 
Lagrangian  velocity,  augmenting  the  vaporization  rate  and  other  surface  properties.  In  the 
first  case,  however,  a  gas-phase  velocity  increase  means  a  decrease  in  the  droplet 
Lagrangian  velocity. 


Figure  29 

Schematic  of  Droplet-Faster  and  Gas-Faster  Configurations 
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Note  that,  in  actual  rockets,  both  Figure  29  configurations  exist  since  the  droplet  is 
initially  faster  than  the  gas,  but  as  the  combustion  proceeds,  the  gases  accelerate  and 
eventually  move  faster  than  the  droplet.  Thus  the  wake  is  initially  behind  the  droplet  but 
moves  ahead  of  the  droplet  with  the  passage  of  time. 

These  two  droplet  geometries  were  studied  with  a  2%  pressure  oscillation.  The 
spatial  phase  of  injection  corresponds  with  a  1/8  wavelength,  and  the  injection  time 
corresponds  to  a  1/4  time  period.  The  time  period  of  oscillation  for  each  configuration  is 

0.6  Th .  Figure  30  presents  the  resulting  distribution  of  the  elementary  response  factor  for 
the  two  cases  over  the  entire  time  period.  The  elementary  response  factor  for  the  droplet- 
faster  case  is  negative  over  the  entire  time  domain,  indicating  a  heavy  damping.  The  gas- 
faster  case  has  both  negative  and  positive  elementary  response  factor  values.  Table  17 
lists  the  integrated  response  factor  values  for  both  situations. 


Figure  30 

Distribution  of  Elementary  Gain  for  Varying  Configuratioiis 
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Table  17.  Comparison  of  Response  Factor  with  Droplet-Faster  and  Gas-Faster 

Geometries 


Configuration 

G 

Gas  Faster 

5.81 

Droplet  Faster 

-16A1 

For  the  case  with  the  gas  traveling  faster  than  the  droplet,  Table  17  indicates  that  the 
response  factor  is  high  and  capable  of  driving  instability;  but,  in  the  case  of  the  droplet 
traveling  faster  than  the  gas,  the  response  factor  is  negative  and  actually  damps  the 
oscillations. 

Depending  on  the  nature  of  a  particular  combustor  and  operating  conditions,  the 
magnitude  of  the  amplitude  of  the  oscillation  may  vary.  In  order  to  get  a  better 
understanding  of  the  effects  of  varying  amplitudes,  two  cases  (with  pressure  oscillations 
of  1  and  2  percent)  were  studied.  Each  case  corresponded  to  a  time  period  of  0.6  droplet 
heating  time,  and  the  time  phase  of  injection  corresponded  to  a  quarter  time  period.  The 
spatial  injection  phase  was  again  1/8  of  a  wavelength.  Figure  31  presents  the  distribution 
of  the  elementary  response  factor.  Table  18  lists  the  integrated  response  factor  values  for 
both  pressure-amplitude  cases. 

20.0 
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-20.0 
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Figure  31 

Distribution  of  Elementary  Gain  for  Varying  Amplitudes 
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Table  18.  Comparison  of  Response  Factor  with  Varying  Amplitudes 


Pressure 

G 

Oscillation 

1% 

5.02 

2% 

5.81 

As  Table  18  shows,  there  is  a  shght  decrease  in  the  response  factor  with  a  decrease  in 
the  amplitude  of  the  oscillation.  However,  a  50%  decrease  in  the  pressure  oscillation 
amplitude  only  caused  a  13%  decrease  in  the  response  factor;  both  are  still  capable  of 
causing  an  instability.  Though  the  distribution  of  the  response  factor  is  very  different  for 
the  two  cases  (Figure  32),  its  effect  on  the  response  factor  is  not  so  marked. 

The  effects  of  varying  the  volatility  of  the  fuel  were  also  studied.  The  base  fuel  used 
in  the  calculations  is  n-octane.  A  second  fuel  has  the  latent  heat  of  decane  but  otherwise 
has  the  same  properties  as  octane  (i.e.,  "pseudo-decane").  Figure  32  gives  the  distribution 
of  the  elementary  response  factor,  and  Table  19  provides  the  integrated  response  factors 
for  the  two  volatility  cases.  As  expected,  the  more  volatile  fuel  has  a  slightly  larger 
response  factor. 

Conclusions 

In  summary,  there  is  some  lack  of  quantitative  agreement  between  the  UTRC  low- 
pressure  vaporization  measurements  and  the  UCI  computations.  These  differences 
probably  occur  because  of  the  absence  in  the  model  of  the  effects  of  wake  interaction 
between  droplets  and  of  secondary  atomization  via  a  stripping  mechanism.  It  is  possible 
to  include  these  effects  on  an  oscillatory  computation.  Some  work  on  these  subjects  has 
already  been  done,  especially  for  the  non-oscillatory  vaporization  of  droplets. 

The  oscillatory  study  indicates  that  vaporization  as  a  rate-controlUng  mechanism  can 
explain  combustion  instability.  In  particular,  the  response  of  the  vaporization  rate  to  an 
oscillatory  ambient  pressure  and  velocity  can  be  sufficiently  high  to  drive  an  oscillation  in 
a  combustion  chamber.  Preliminary  results  indicate  that  the  response  factor  is  not  highly 
sensitive  to  the  amplitude  of  the  oscillation.  Furthermore,  the  model  is  able  to  handle  the 
situation  where  the  flow  relative  to  the  droplet  changes  direction  on  account  of  high 
amplitudes.  When  the  droplet  is  faster  than  the  gas,  the  system  has  a  high  damping, 
whereas  when  the  gas  is  faster  than  the  droplet,  the  response  factor  is  high  enough  to 
drive  the  instability.  This  is  primarily  due  to  the  effect  of  the  velocity  oscillation  on  the 
relative  velocity.  The  results  were  consistent  with  previous  findings  that  the  convective 
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vaporization  mechanism  is  much  more  strongly  coupled  to  velocity  oscillations  than  to 
pressure  oscillations. 


Figure  32 

Distribution  of  Elementary  Gain  for  Varying  Fuel  Volatility 


Table  19.  Comparison  of  Fuels  with  Varying  Volatility 


Fuel 

Configuration 

G 

Octane 

5.81 

Pseudo-Decane 

4.97 
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TASK  4  -  PRIORITIZED  PLAN  FOR  FUTURE  EFFORT 


Among  the  most  important  benefits  of  the  Liquid  Stability  Mechanisms  Program  was 
the  development  and  application  of  advanced  diagnostic  techniques.  Such  applications 
are  crucial  to  the  detailed  investigation  of  liquid-fueled  rocket  combustion  instability 
mechanisms  as  well  as  other  combustion-  and  spray-related  measurements.  These 
developments  included  the  use  of  the  MDR  technique  by  UTRC  to  obtain  accurate 
changes  in  droplet  diameter  and  the  application  of  shadowgraphic  cinematography  by 
UCI  to  obtain  images  of  droplet  breakup. 

Previously,  measurements  of  droplet  breakup  were  predominately  done  under 
atmospheric  conditions.  High-pressure  data  are  important  since  the  corresponding  test 
parameters  are  closer  to  those  seen  in  rocket  engines  (i.e.,  density  ratios,  reduced 
pressures,  Reynolds  numbers,  etc.)  This  program,  however,  succeeded  in  using  high- 
pressure  facilities  to  obtain  breakup  data  at  pressures  greater  than  1  atm.  These  data 
include  images  of  liquid  oxygen  droplet  breakup  at  supercritical  conditions.  Since  most 
future  rocket  engines  will  operate  at  pressures  greater  than  the  critical  pressure  of  LOX, 
such  fundamental  data  are  invaluable  for  understanding  the  physical  processes.  The 
eventual  result  is  the  robust  design  of  stable  liquid-propellant  rocket  engines. 

The  experimental  work  accomplished  on  the  LSM  program  is  a  good  starting  point 
toward  the  application  of  new  diagnostics  and  the  attainment  of  fundamental  instability 
mechanism  data.  Toward  the  goal  of  planning  for  future  effort,  UTRC  has  devised  a  plan 
for  further  liquid  instability  technology  diagnostics  and  measurements.  The  complete 
recommendation  is  included  as  Appendix  L.  Provided  below  is  a  summary  of  the 
proposed  effort. 

Suggested  Tasks 

A  research  program  to  advance  the  state-of-the-art  in  spectroscopic  measurement  of 
droplets  and  sprays  undergoing  critical  point  phase  transitions  and  provide  data  which 
may  include  densities,  concentrations,  temperatures,  and  critical-surface  tracking  is 
proposed.  The  goal  of  this  program  is  to  produce  diagnostic  techniques  to  identify 
processes  relating  to  liquid  stability  issues  and  which  can  acquire  information  about 
phenomena  occurring  in  critical  or  supercritical  conditions.  As  they  develop,  these 
techniques  will  be  evaluated  in  a  high-pressure  pulse  facility  (used  in  the  LSM  program) 
under  dynamic  conditions  corresponding  to  those  of  rocket  combustors. 

Task  I.  The  high-pressure  pulse  facility  will  acquire  data  describing  droplet  breakup 
and  distribution  in  critical  and  supercritical  environments  as  the  result  of  acoustic 
disturbances.  Initial  measurements  will  include  back-lit  images  of  droplets  following  an 
initial  period  after  the  disturbance.  Disturbances  will  be  generated  as  weak  (1.1  pressure 
ratio  or  lower)  shock  waves  produced  from  a  shock  tube.  Considerations  will  also  be 
made  to  generate  continuously  varying  and  repetitive  conditions— rather  than  step  change 
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disturbances— through  the  use  of  an  acoustic  driver.  If  employed,  such  a  device  will 
provide  considerable  information  describing  the  effect  of  the  disturbance  wave  form  on 
the  droplet  breakup  and  distribution  process. 

Task  n.  Optical  diagnostic  techniques,  such  as  those  listed  in  Table  20,  will  be 
studied  with  a  focus  toward  employing  one  or  more  technique  to  acquire  quantitative  data 
describing  droplet  breakup  in  a  supercritical  environment.  Appendix  L  gives  detailed 
descriptions  of  each  Table  20  diagnostic.  Of  particular  interest  is  a  time-dependent 
measure  of  the  spatially  distributed  concentration  of  droplet  fluid  following  a  flow  field 
disturbance.  Techniques  which  provide  a  means  of  acquiring  an  instantaneous  image  of 
concentration  will  be  the  focus  of  this  investigation. 

Task  III.  Quantitative  measurements  of  the  droplet  fluid  distribution  process 
resulting  from  the  influence  of  an  acoustic  pulse  on  droplets  in  a  supercritical 
environment  will  be  attempted.  This  task  will  be  an  integration  of  the  use  of  the  facility 
as  in  Task  I  with  measurements  using  the  techniques  developed  in  Task  H.  The 
measurements  will  be  of  limited  scope  in  terms  of  droplet  conditions,  but  will  provide  a 
demonstration  of  the  measurement  techniques  and  a  set  of  results  which  will  describe  the 
droplet  breakup  process. 

Payoff 

The  completion  of  this  program  should  provide  two  basic  results.  It  will  define 
diagnostic  techniques  applicable  to  the  evaluation  of  supercritical  droplet  and  spray 
systems.  The  intent  is  to  develop  techniques  applicable  to  understanding  the  problems 
associated  with  instabilities  in  liquid-fueled  rocket  engines.  However,  these  diagnostics 
will  have  further  applicability  for  developing  an  understanding  of  other  droplet  and  spray 
processes. 

The  second  result  of  this  program  will  be  the  application  of  techniques  for  the 
measurement  of  fluid  mixing  properties  in  sub-  and  supercritical  conditions;  an  important 
step  for  understanding  instabilities  associated  with  liquid-fueled  rocket  engine  operation. 
The  measurements  should  be  capable  of  describing  mixing  of  supercritical  droplet 
injectants  or  progression  of  the  critical  surface  within  a  sub-critical  droplet  in  a 
supercritical  environment.  These  results  should  be  valuable  in  understanding  the  stability 
processes  occurring  in  combustors  at  or  above  the  critical  conditions. 
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Table  20.  Diagnostic  Techniques  for  Future  Effort 


Diagnostic  Technique 

Measurement  Capabilities 

Spontaneous  Raman 

temperature,  density,  imaging 

Stimulated  Raman 

temperature,  density,  phase 

Stimulated  Brillouin  (SBS) 

droplet  size,  liquid-phase  concentration 

SBS  w/degenerate  four-wave  mixing 
(DFWM)  or  DPCFWM 

temperature,  density,  imaging 

Morphology-Dependent  Resonances 
(MDR) 

droplet  size,  shape,  evaporation  rates, 
critical  transition 

Second  Harmonic  Generation 

droplet  critical  phase  surface 
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SUMMARY  AND  CONCLUSIONS 


1.  A  number  of  potential  liquid-rocket  combustion  instability  mechanisms  were 
initially  considered.  This  preliminary  investigation  included  a  comprehensive 
literature  search.  Droplet  vaporization  and  secondary  atomization  were  eventually 
selected  as  the  primary  processes  for  study  under  the  LSM  program.  A  shock  tube 
concept  was  chosen  as  the  method  for  experimentally  generating  the  pressure  pulses 
to  simulate  an  instability  wave. 

2.  Morphology-dependent  resonances  of  droplets  exposed  to  lO-to-20-percent  pressure 
waves  were  used  to  obtain  very  accurate  measurements  of  the  change  in  droplet 
diameter.  Both  methanol  and  water  droplets  (approximately  70  microns)  were 
employed  in  this  1-atm  vaporization  investigation.  When  compared  to  a  droplet  in  a 
quiescent  environment,  the  pressure  pulse  was  seen  to  greatly  enhance  the 
vaporization  rate.  Methanol  evaporation  in  all  cases  was  approximately  13  time 
greater  than  water  evaporation.  Overall,  the  results  indicate  that  a  pressure  wave  has 
a  significant  effect  on  the  transient  vaporization  response  of  the  droplet.  Therefore 
vaporization  is  indeed  a  potential  instabihty  mechanism. 

3.  Application  of  a  two-phase  numerical  model  to  the  study  of  fuel  droplet 
vaporization  under  oscillatory  conditions  was  accomplished.  The  integrated 
vaporization  response  factor  was  used  to  determine  what  effect  changes  in 
oscillation  amplitude,  droplet  configuration,  oscillation  frequency,  and  fuel  volatility 
have  on  the  stability  of  the  combustor.  It  was  found  that  the  response  of  the 
vaporization  rate  to  an  oscillatory  environment  can  be  sufficiently  high  to  drive  an 
instability.  Preliminary  results  indicate  that  the  response  factor  is  more  affected  by 
changes  in  oscillation  frequency  and  droplet  configuration  than  by  oscillation 
amplitude  and  droplet  volatihty. 

4.  The  same  computational  model  was  applied  to  the  1-atm,  experimental  vaporization 
results  by  modeling  the  pressure  pulse  as  a  step  disturbance.  It  was  observed  that 
the  measurements  were  smaller  than  the  predicted  vaporization  rate  for  the  quiescent 
cases,  and  the  predictions  were  an  order  of  magnitude  smaller  than  the 
measurements  in  the  shock  wave  cases.  This  discrepancy  is  partially  attributed  to 
the  lack  of  numerical  convergence  over  the  short  test  time  and  (most  likely)  due  to 
the  model  being  unable  to  simulate  boundary  layer  stripping.  Nonetheless,  the 
analytical  results  tend  to  agree  with  conventional  "D3/2"  vaporization  laws. 

5.  Images  of  a  LOX  droplet  exposed  to  a  pressure  pulse  within  a  supercritical 
environment  (test  section  pressure  >  50  atm.)  were  obtained  using  a  simple  back¬ 
lighting  technique.  The  resulting  images  show  a  near-instantaneous  breakup  of  the 
droplet  that  is  different  from  usual  low-pressure  breakup  data.  These  images  show 
that  a  pressure  pulse  has  a  drastic  effect  on  LOX  droplets  at  high  pressure,  indicating 


74 


a  mechanism  that  may  be  some  combination  of  secondary  atomization  and 
vaporization. 

6.  For  the  exploration  of  secondary  atomization,  a  high-pressure  (68-atm  test  section 
capability)  shock  tube  was  designed  and  fabricated.  The  driver  section  was  designed 
to  produce  steep-fronted,  or  N-waves.  Shadowgraphic  cinematography  was 
employed  as  the  imaging  diagnostic.  Prior  to  and  in  conjunction  with  the 
experimental  effort,  reviews  of  secondary  atomization  theory  and  of  established 
pulse  techniques  were  conducted.  To  better  simulate  the  conditions  seen  in  typical, 
high-pressure  rocket  combustors,  a  simulant  fluid  study  was  also  undertaken.  The 
resulting  ideal  test  matrix  was  designed  to  parametrically  investigate  a  range  of  test 
variables;  it  covers  a  range  of  Reynolds  numbers  from  100  to  65,000,  a  range  of 
Weber  numbers  from  30  to  140,000,  and  a  range  of  liquid-to-gas  density  ratios  from 
56  to  77. 

7.  Initial  images  of  secondary  atomization  with  a  constant  wave  strength  («  1.5)  and  a 
constant  initial  droplet  diameter  (=  120  p.m)  using  methanol  and  water  indicate  that 
the  maximum  product  drop  size  increases  with  decreasing  wave  duration  and 
Wemax-  Droplet  breakup  times  also  appear  to  decrease  with  increasing  wave 
duration,  though  the  accuracy  of  these  measurements  is  thought  to  be  ±15%. 
Plotting  non-dimensional  displacement  versus  time,  water  droplets  are  found  to  be 
in  the  “bag”  mode  according  to  equation  (2)  and  the  methanol  drops  are  found  to  be 
in  the  “shear”  mode,  but  both  are  characterized  as  “multi-mode”  breakup  by  Hsiang 
and  Faeth  (21). 

8.  A  plan  for  future  effort  was  formulated.  This  plan  involves  the  further  development 
of  advanced  diagnostics  to  study  the  fundamental  mechanisms  of  liquid-rocket 
combustion  instability.  In  the  proposed  investigations,  further  exploration  of 
phenomena  related  to  supercritical  combustion  are  emphasized.  The  techniques  thus 
developed  would  also  prove  invaluable  for  other  combustion-related  measurements 
including  spray  characterization  and  liquid-gas  mixing. 
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A  PPOPLEM  DESCRIPTION  AND  HISTORICAL  BACKGROUND 

The  problem  of  combustion  instability  in  liquid-propellant  rockets  is  a  continuing  chal¬ 
lenge.  Any  enclosed  or  restricted  chamber  has  an  infinite  number  of  modes  for  resonant 
oscillation.  The  heat  release  associated  with  the  combustion  processes  can  potentially  pro¬ 
vide  a  driving  mechanism  for  the  acoustical  oscillation.  The  acoustical  pressure  and  velocity 
oscillations  tend  to  cause  an  oscillation  in  the  local  burning  rate.  If  the  amplitude  of  the 
burning  rate  oscillation  is  large  enough  and  if  the  phase  between  the  burning  rate  and  pres¬ 
sure  oscillations  is  small  enough,  the  instability  can  be  driven.  Often  the  amplitudes  are 
sufficiently  large  to  cause  such  increased  heat  transport  rates  that  a  structural  failure  occurs 
at  the  injector  face  or  at  the  nozzle  throat. 

Combustion  instability  research  was  very  active  during  the  two  decades  of  the  Fifties 
and  Sixties,  especially  in  relation  to  the  Apollo  Program.  Experience  with  Lox-  kerosene 
propellants  and  impinging  injectors  indicated  severe  instability  problems.  A  general  rule  is 
that  the  instability  is  more  likely  and  becomes  more  severe  in  terms  of  damage  as  the  energy 
release  rate  per  unit  volume  increases,  or  in  other  words,  as  performance  increases.  The 
behavior  is  more  complicated  than  this  simple  rule;  instability  probability  depends  upon 
spatial  distribution  of  the  energy  release  rate,  combustion  time-  lag,  damping  forces,  and 
chamber  dimensions  (or  natural  frequencies).  The  rule,  however,  is  a  useful  guide. 

During  the  Fifties  and  Sixties,  some  limited  research  was  performed  on  the  basic  driving 
mechanism  of  the  instability.  Several  researchers  (1-12)  examined  fuel  droplet  vaporization 
as  the  rate-controlling  phenomenon  and  as  the  basic  driving  mechanism.  On  account  of  lim¬ 
itations  of  their  analyses  (explained  later  in  the  discussion  on  spray  combustion),  they  could 
not  successfully  explain  the  cause  of  combustion  instability.  The  most  widely  used  descrip¬ 
tion  of  the  combustion  process  in  analyses  was  the  Crocco  time-lag  description  (1,2,13,14). 
This  was  an  ad  hoc  representation  of  the  combustion  process  through  the  use  of  a  small 
number  of  parameters  (usually  two).  One  of  these  parameters  was  the  sensitive  time-lag 
which  was  based  on  the  concept  that  the  combustion  process  had  a  time-lag  so  that  the 
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burning  rate  at  some  instant  depended  upon  conditions  experienced  by  the  reactants  for 
some  short  time  duration  prior  to  that  instant.  The  time  duration  or  time-lag  magnitude 
itself  depended  upon  the  conditions  prior  to  the  instant  of  burning.  The  average  time-lag 
and  other  ad  hoc  parameters  were  considered  to  be  functions  of  propellant  combinations 
and  injector  design  only,  yielding  the  hope  for  straightforward  scaling  of  results  from  small 
combustors  to  large  combustors.  This  method  had  limited  success. 

The  most  reliable  method  for  preventing  large  amplitude  oscillations  in  liquid  propellant 
rocket  engines  was  to  damp  the  oscillations  through  the  use  of  baffles  or  acoustic  liners.  That 
is,  energy  was  taken  from  the  most  unstable  modes  of  oscillation.  The  science  of  preventing 
the  addition  of  energy  to  the  oscillations  by  modifying  or  controlling  the  basic  combustion 
process  was  never  really  developed.  However,  there  is  reason  to  believe  that  this  science  can 
now  be  rapidly  developed  and  that  new  technology  on  the  control  of  combustion  instability 
can  be  advanced.  There  is  still  a  need  for  this  new  technology  since  the  engineering  fixes 
through  damping  mechanisms  lead  to  increased  volume,  increased  weight,  increased  cooling 
requirements,  and  decreased  performance. 

The  resurgence  in  interest  in  space  and  the  renewed  interest  in  liquid-propellant  systems 
creates  the  need  to  re-examine  the  combustion  instability  problem  in  an  organized  and  intense 
manner.  There  is  recent  interest  in  LOX-methane  systems  whose  instability  characteristics 
are  not  well  understood.  LOX-kerosene  systems  are  under  active  consideration  again  and 
their  instability  problems  are  well-known.  The  LOX-hydrogen  systems  have  not  experienced 
severe  instability  problems.  However,  there  is  no  inherent  reason  why  LOX-hydrogen  should 
be  more  stable  than  other  systems  and  our  experience  with  LOX-hydrogen  has  been  with 
a  very  narrow  range  of  designs.  New  designs  intended  to  improve  performance  could  easily 
lead  to  serious  instability  problems. 

On  account  of  limitations  in  the  methodologies  of  those  times,  theoretical  analyses  were 
performed  mostly  with  small  perturbation  techniques  for  linearized  or  weakly  nonlinear  os¬ 
cillations.  Other  nonlinear  approaches  involved  gross  simplification  and,  in  some  cases,  gross 
mutilation  of  the  basic  governing  equations.  On  the  experimental  side,  pressure  was  the  only 
instantaneous  and  localized  point  measurement  that  could  be  made;  even  there  pressure  was 
measured  only  at  outer  walls.  On  account  of  the  high-temperature,  high-frequency  behavior, 
velocity  and  scalar  point  measurements  could  not  be  made  instantaneously  in  the  field. 


R.  THE  OPPORTUNITY  OF  MODERN  TIMES 

Now  in  the  Nineties,  we  can  benefit  from  the  methodologies  of  computational  fluid  dy¬ 
namics  and  of  non-intrusive  laser  diagnostics.  Fully  nonlinear  coupled  systems  can  be  an¬ 
alyzed.  Measurements  of  velocity,  temperature,  and  concentration  can  be  made  locally  in 
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high-temperature,  oscillatory  conditions.  Clearly,  the  potential  exists  to  learn  much  more 
about  the  driving  mechanisms  and  other  characteristics  of  combustion  instability. 

Since  the  Sixties,  there  has  been  substantial  advancement  in  the  understanding  of  basic 
combustion  phenomena.  Understanding  of  spray  combustion,  including  transient  droplet 
heating  and  vaporization,  has  advanced  tremendously.  Mixing  of  co-flowing  streams  of  flu¬ 
ids  is  now  much  better  understood.  Our  knowledge  of  atomization  processes  and  chemical 
kinetics  has  also  advanced  substantially.  The  research  that  led  to  these  advancements  ad¬ 
dressed  automotive  combustion,  gas  turbine  combustion,  ramjet  combustion  and  industrial 
combustion  problems  rather  than  liquid  rocket  combustion.  Nevertheless,  liquid-propellant 
combustion  research  can  build  upon  the  recently  established  foundations. 

r  PANmnATR  DRIVINfi  MECHANISMS  FOR  COMBUSTION  INSTABILITY 

Many  potential  mechanisms  for  combustion  instability  in  liquid-propellant  rockets  have 
been  identified.  They  include  injection  coupling,  primary  atomization,  secondary  atomiza¬ 
tion,  vaporization,  mixing,  and  chemical  kinetics.  Tables  I,  II  and  III  from  Reference  (2) 
present  the  candidate  mechanisms  identified  by  the  three  major  liquid  rocket  manufacturers 

in  the  United  States. 

One  may  crudely  view  combustion  in  a  liquid  propellant  rocket  motor  as  consisting  of  a 
sequence  of  processes.  This  sequence  would  be  followed  by  an  infinitesimally  small  element 
of  propellant.  In  sequence,  injection,  primary  atomization,  secondary  atomization,  liquid 
heating,  vaporization,  gas-phase  mixing  and  heating,  gas-phase  chemical  reaction,  and  loss 
of  some  heat  to  fresh  propellants  are  the  processes.  There  are  some  caveats  that  should 
be  added.  The  combustion  is  continuous,  so  that  propellant  elements  injected  at  different 
times  would  not  necessarily  be  in  the  same  process  at  a  given  time.  There  is  also  a  spatial 
distribution  so  that  different  elements  injected  at  the  same  time  can  be  in  different  processes 
at  a  given  time.  The  details  of  any  process  for  a  given  element  can  depend  upon  both  the 
preceding  processes  for  that  element  and  all  of  the  processes  for  other  elements.  Fox  example, 
the  vaporization  rate  for  an  element  depends  on  the  atomization  process  for  that  element 
which  determines  the  droplet  size.  Vaporization  rate  also  depends  upon  the  heat  transferred 
from  other  propellant  elements  that  have  already  burned. 

Each  of  the  processes  has  a  duration  or  characteristic  time  associated  with  it.  The  time 
can  vary  substantially.  If  one  of  the  times  for  the  sequential  processes  is  much  longer  than 
any  of  the  rest  and,  in  fact,  much  longer  than  the  sum  of  the  rest,  the  time  for  burning 
of  that  propellant  element  is  essentially  the  characteristic  time  for  the  longest  process.  We 
refer  to  that  particular  process  as  rate-controlling  because  the  burning  rate  approximately 
equals  the  rate  for  that  process. 
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Variation  of  pressure,  temperature,  and  velocity  in  the  chamber  will  affect  these  pro¬ 
cesses  and,  in  particular,  can  affect  the  characteristic  times  and  rates  associated  with  these 
processes.  Dynamic  or  frequency- dependent  phenomena  are  expected. 

Any  driving  mechanism  must  pass  certain  tests.  In  particular,  the  chemical  conversion 
rate  (or  burning  rate)  associated  with  the  mechanism  must  respond  adequately  to  fluctu¬ 
ations  of  pressure,  velocity,  and  temperature.  That  is,  for  a  given  amplitude  of  pressure 
oscillation,  the  conversion  rate  must  oscillate  with  a  sufficiently  large  amplitude  and  a  suffi¬ 
ciently  small  phase  relative  to  the  pressure  oscillation.  Even  if  the  conversion  rate  responds 
to  some  other  quantity,  such  as  temperature  or  velocity,  it  is  the  amplitude  and  phase  relative 
to  the  pressure  amplitude  and  phase  that  is  important  since  the  feedback  of  energy  to  the 
oscillation  depends  upon  the  relationship  to  pressure.  Since  maximum  amplitudes  of  pres¬ 
sure  and  velocity  can  occur  at  different  positions  in  the  chamber,  this  results  in  a  complex 
relationship  for  feedback  of  energy  to  the  combustor  oscillation.  A  change  in  a  parameter 
generally  not  only  affects  the  amplitude  and  phase  of  the  burning  rate  oscillation  but  also 
modifies  the  spatial  distribution  of  the  burning.  The  most  important  basic  parameters  are 
those  related  to  the  injector  design  or  the  propellant  choice. 

Three  types  of  mechanisms  can  be  important  in  combustion  instability.  The  first  type 
is  associated  with  a  combustion  process  that  is  rate-controlling  and  has  a  characteristic 
time  of  the  same  order  as  the  period  of  oscillation.  This  process  can  respond  strongly  to 
oscillations  of  the  pressure  and  velocity  in  the  chamber.  The  question  still  remains  whether 
the  amplitude  is  sufficient  and  the  phase  is  proper  to  overcome  the  damping  mechanisms 
and  to  drive  the  oscillation. 

If  the  process  is  not  rate-controlling,  oscillations  in  its  rate  cannot  significantly  affect  the 
burning  rate  and  the  feedback  to  the  combustor  oscillation.  If  the  process  has  a  characteristic 
time  much  longer  than  the  period  of  oscillation,  it  generally  cannot  respond  to  the  oscillation. 
That  is,  the  frequency  of  the  oscillation  is  too  high  for  process;  there  is  insufficient  time 
for  the  particular  process  to  adjust  to  the  oscillations  of  pressure  and  velocity.  When  the 
characteristic  time  of  the  process  is  very  short  compared  to  the  oscillation,  it  can  respond. 
However,  processes  with  short  char<icteristic  times  are  generzilly  not  rate-controlling.  If  they 
still  are  rate-controlling,  there  is  the  additional  difficulty  that  the  process  would  only  respond 
in  a  quasi-steady  manner.  The  dynamic  response  could  result  in  larger  amplitudes  of  burning 
rate  than  the  quasi-steady  response. 

The  second  type  of  process  is  one  that  affects  the  characteristic  time  of  some  other  rate¬ 
controlling  process.  An  example  of  this  type  would  be  atomization  which  has  a  characteristic 
time  much  shorter  than  the  typical  period  of  oscillation;  however,  pressure  and  velodty  vari¬ 
ations  produce  variations  in  the  initial  droplet  size  distribution  whidi,  in  turn,  affects  the 
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characteristic  time  of  rate-controlling  processes.  This  type  of  process  can  have  a  dramatic 
indirect  affect  on  the  oscillatory  process.  A  third  type  of  mechanism  also  has  an  indirect 
influence.  This  type  of  mechanism  affects  the  spatial  distribution  of  the  combustion.  There¬ 
fore,  it  produces  variation  in  the  local  response  that  affects  the  coupling  with  a  particular 
mode  of  oscillation.  The  second  and  third  types  of  mechanisms  are  actually  concurrent  ac¬ 
tions  of  the  same  mechanism  since  a  change  in  characteristic  time  of  a  combustion  process 
as  viewed  from  a  Lagrangian  frame  has  the  impact  of  a  change  in  combustion  distribution 
as  viewed  from  an  Eulerian  frame.  Let  us  discuss  each  of  the  major  processes  related  to 
combustion  in  liquid  propellant  rocket  engines. 

Liquid  Injection 

The  liquid  feed  system  involves  storage  tasks,  pumps,  feed  lines,  and  injection  parts  into 
the  combustion  chamber.  The  lengths  and  volumes  (or  components)  of  the  feed  system  tend 
to  be  large  so  that  characteristic  response  times  tend  to  be  much  longer  than  a  millisecond. 

Injection  coupling  is  defined  to  mean  that  oscillations  in  the  combustion  chamber  and 
oscillations  in  the  feed  system  are  coupled  and  reinforcement  occurs.  If  there  is  no  significant 
coupling,  the  combustion  chamber  will  oscillate  with  essentially  constant  mass  flow  through 

the  injector  ports. 

Injector  coupling  tends  to  be  most  significant  for  low  frequency  chamber  oscillations  on 
account  of  the  large  characteristic  time  for  the  feed  system.  That  is,  the  feed  system  time 
matches  better  with  the  residence  time  in  the  combustion  chamber  than  with  the  period 
of  oscillation  for  any  of  the  acoustical  oscillatory  modes.  In  the  low  frequency  modes,  the 
chamber  pressure  is  approximately  spatially  uniform  but  time- varying.  These  low  frequency 
modes  have  been  well  understood  for  decades.  Summerfield  (1,14)  analyzed  these  modes 
using  a  constant  time  lag  concept.  Injector  coupling  is  relatively  easy  to  eliminate  by  isolation 
of  the  feed  system.  Increasing  the  pressure  drop  across  the  injection  port  is  a  standard  process 
that  isolates  the  feed  system  since,  for  large  pressure  drops,  a  given  pressure  fluctuation  in 
the  chamber  produces  a  small  variation  in  pressure  drop  and  therefore  in  the  mass  flow. 

The  fluctuation  in  the  feed  system  could  result  in  modifications  of  other  processes  in¬ 
volved  in  combustion  of  the  propellants.  For  example,  the  jet  velocity  at  the  port  would 
fluctuate  modifying  the  primary  atomization  process  of  one  or  both  propellants.  Initial 
droplet  size  and  droplet  velocity  fluctuations  would  vary.  This  would  produce  variations  in 
the  characteristic  times  of  other  processes.  Also,  it  would  affect  the  spatial  distribution  of 
combustion  in  the  chamber.  However,  since  the  characteristic  times  for  these  other  processes 
are  much  shorter  than  the  period  of  oscillation  in  the  low  frequency  cases,  and  since  little 
sensitivity  to  spatial  distribution  of  combustion  occurs  in  those  low  frequency  cases,  these 
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effects  are  generally  not  significant  in  terms  of  instability.  Of  course,  some  exceptions  might 
exist.  Nevertheless,  injection  coupling  is  not  a  strong  candidate  for  detailed  study  m  a  situ- 

ation  with  limited  resources. 


Primary  Atomization  ^  ^ 

Various  atomization  schemes  are  employed  in  liquid  propellant  systems.  In  one  scheme 

called  impinging  jets,  injection  ports  are  designed  to  work  as  pairs  or  triplets  with  the  jets 
colliding  in  order  to  enhance  break-up  into  droplets.  Upon  impingement,  sheets  of  liquid  in 
a  conical  fan-like  shape  emerge.  Here,  the  conical  cross-sections  are  not  circular  but  rather 
more  like  ellipses  with  a  very  large  ratio  of  semi-major  to  semi-minor  axes.  Usually,  the 
impinging  streams  consist  of  like  (the  same)  propellants  so  that  liquid-phase  mixing  does 
not  occur.  This  scheme  is  commonly  used  with  LOX/RPl  propellants.  In  another  scheme 
involving  coaxial  jets,  fuel  and  oxidizer  are  injected  in  parallel  streams.  This  is  commonly 
used  for  LOX/hydrogen  and  LOX/methane  propellant  combinations.  LOX  is  always  placed 
inside  in  practice  with  the  fuel  on  the  outside.  At  the  high  injection  velocities  employed,  the 
Rayleigh  break-up  mechanism  is  not  of  interest.  Rather,  the  Kelvin-Helmholtz  instability  is 
the  interesting  mechanism.  Surface  and  interface  waves  form  and  grow  causing  distortion  and 
ultimate  break-up  of  the  surface  in  this  mechanism.  Very  little  fundamental  experimental  and 
theoretical  work  (15,16)  has  been  done  on  this  mechanism.  The  characteristic  wavelengths 
and  periods  of  oscillation  for  these  surface  waves  on  the  propellant  streams  are  very  small. 
An  estimated  frequency  for  these  waves  is  105  cycles  per  second.  This  characteristic  time 
is  more  than  one  order  of  magnitude  lower  than  typical  periods  of  oscillation  for  chamber 
instabilities.  Variations  in  chamber  conditions  due  to  acoustic  oscillations  can  be  treated  as 
quasi-steady  as  far  as  primary  atomization  is  concerned.  The  atomization  process  will  not 

respond  in  a  resonant  fashion  to  chamber  oscillations. 

Strahle  and  Crocco  17)  have  shown  by  a  linearized  analysis  that,  in  the  absence  of  a 
resonant  behavior  and  at  low  mean  flow,  Mach  numbers,  we  should  not  expect  fluctuations 
in  droplet  size  and  droplet  number  density  to  drive  the  instability.  The  droplets  move  through 
the  chamber  at  velocities  much  less  than  the  speed  of  sound  and  carry  the  effect  of  initial 
size  and  number  density.  The  kinematic  wave  resulting  from  the  droplet  initial  conditions 
undulates  more  rapidly  through  the  chamber  than  the  pressure  wave  which  travels  with  an 
acoustic  speed.  This  results  in  a  rapid  undulation  of  the  amplitude  of  the  fluctuating  source 
of  burned  gases  that  drives  the  instability.  Due  to  the  rapid  undulations  of  the  kinematic 
wave,  three  are  many  regions  of  both  positive  and  negative  reinforcement  of  the  pressure 
wave.  As  a  result,  without  a  resonance  effect,  this  phenomenon  cannot  produce  a  rignificant 
global  effect  since  the  positive  contributions  roughly  equal  the  negative  contributions. 
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Primary  atomiaation  is  not  projected  to  have  a  major  direct  effect  on  the  driving  mech¬ 
anism  of  the  instability.  It  the  processes  following  it  in  the  sequence  do  not  respond  signif¬ 
icantly  to  oscillations  of  pressure  and  velocity,  there  would  not  be  any  sustained  oscillation 
according  to  linear  theory.  It  is  possible  that  a  nonlinear  perturbation  could  modify  the  con¬ 
clusion  However,  since  the  issue  relates  more  to  the  phase  relationship  between  the  source 
term  and  the  pressure  term  rather  than  an  ampUtude  effect,  it  is  not  clear  how  nonlinearities 

would  change  the  conclusion. 

Note  that  atomization  processes  are  quasi-steady  and  thus  do  not  respond  differently 
to  different  frequencies  in  the  range  below  104  cycles  per  second;  therefore,  this  mecha¬ 
nism  would  not  expl^n  observed  phenomena  even  if  other  factors,  discussed  above,  were  not 

present. 

Secondary  Atomization 

Droplets  that  are  formed  by  the  primary  atomization  process  can  undergo  further  distor¬ 
tion  and  break-up.  When  smaller  droplets  result  from  a  larger  droplet,  the  process  is  named 
secondary  atomization. 

The  surface  tension  tends  to  keep  a  droplet  intact  with  a  spherical  shape.  Aerodynamic 
pressure  drag  resulting  from  relative  droplet-gas  velocity  tends  to  strain  the  droplet  so  that 
it  assumes  an  oval  shape  with  a  decrease  in  the  length  parallel  to  the  main  flow  direction 
and  an  increase  in  the  transverse  lengths.  This  can  result  in  the  "pinching-  ofT  of  droplets. 

Another  mechanism  involves  a  Kelvin-Helmholtz  instability  along  the  droplet  surface. 
This  results  in  the  stripping  of  smaller  droplets  from  the  surface  of  the  larger  droplet. 

Droplet  distortion  can  significantly  affect  droplet  drag  and  trajectory  since  the  drag  co¬ 
efficient  is  modified.  The  likelihood  for  distortion,  Kelvin-Helmholtz  instability,  and  the 
"pinching-ofT  mechanism  increases  as  the  droplet  Weber  number  increases.  Secondary  at¬ 
omization  tends  to  occur  downstream  away  from  the  dense  spray  regime. 

The  characteristic  times  associated  with  secondary  atomization  axe  much  smaller  than 
droplet  vaporization  and  heating  times.  Also,  they  are  much  smaller  than  the  typical  periods 
of  oscillation.  Therefore,  the  same  general  conclusions  can  be  made  for  secondary  atomiza¬ 
tion  as  were  made  for  primary  atomization.  It  does  not  emerge  as  a  strong  candidate  for 
direct  feedback  to  the  oscillation  as  a  mechanism  for  combustion  instability.  There  are,  how¬ 
ever,  the  very  important  indirect  ways  in  the  instability  that  can  be  affected  by  secondary 
atonuzation. 

Vaporization  and  Liquid  Heating 

Droplet  vaporization  and  droplet  heating  should  be  considered  as  an  integrated  process. 
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Heat  from  the  high-temperature  gaseous  environment  is  transferred  to  the  droplet  largely  by 
convective  heating.  The  heat  to  the  surface  partially  passes  to  the  liquid  interior  raising  the 
droplet  temperature  in  the  interior  as  well  as  at  the  surface.  The  remainder  of  the  transferred 
heat  sustains  the  phase  change  at  the  surface  and  increases  the  temperature  of  the  vapors 

flowing  away  from  the  surface. 

In  practice,  there  is  generally  a  relative  velocity  between  the  (LOX  or  fuel)  droplet  and 
the  surrounding  gas.  Due  to  convection,  the  droplet  heating  rate  and  vaporization  rate  will 
depend  upon  the  Reynolds  number  based  on  this  relative  velocity.  There  will  be  a  laminar 
boundary  layer  over  the  surface  of  the  droplet.  The  shear  stress  at  the  surface  will  cause  an 
internal  circulation  in  the  liquid  droplet.  This  affects  the  transient  heating  of  the  liquid  and 
the  vaporization  note.  Below  the  critical  pressure,  a  clear  distinction  can  be  made  between 
the  liquid  droplet  and  the  surrounding  gas.  The  surface  tension  tends  to  keep  the  droplet 
spherical.  The  characteristic  time  for  the  liquid  heating  tends  to  be  higher  than  the  time 
for  boundary  layer  heating.  For  kerosene-type  fuel  droplets,  the  heating  time  and  droplet 
lifetime  are  of  the  same  order  while  for  LOX  droplets,  the  heating  time  would  be  longer  than 
the  lifetime.  In  liquid-propellant  rocket  motors,  periods  of  acoustic  oscillation  tend  to  be 
of  the  order  of  the  droplet  heating  time  suggesting  a  potential  for  coupling.  The  situation 
is  more  complicated  at  near-critical  or  supercritical  pressures.  The  reduced  surface  tension 
allows  deviation  from  spherical  shapes.  The  increased  gas  density  decreases  or  removes  the 
distinction  betw'een  the  phases  and  increases  the  gas-phase  heating  time.  A  coupling  with 
the  acoustic  oscillations  can  still  be  expected,  although  less  is  known  about  the  details. 

Several  investigators  (1,3-11,18)  have  pursued  the  vaporization  process  as  the  driving 
mechanism  for  combustion  instability  in  liquid  propellant  rocket  engines.  Vaporization  is  the 
slowest  of  the  processes,  generally,  and  thus  is  the  rate-controlling  process.  A  quasi-  steady 
response  of  the  vaporization  to  combustion  oscillations  cannot  provide  sufficient  feedback  to 
drive  the  instability.  Therefore,  a  dynamic  or  resonant  response  must  occur  if  vaporization 
were  to  drive  the  instability.  Strahle  (7-11)  has  examined  the  gas-phase  film  and  boundary 
layer  surrounding  a  droplet  to  determine  its  oscillatory  response.  At  the  frequencies  of 
interest,  the  heat  and  mass  transport  through  the  gas  layer  tend  to  oscillate  in  a  quasi- 
steady  manner,  without  a  resonance  effect.  Priem  and  co-workers  (3-6,12)have  examined 
transient  heating  of  the  liquid  interior.  There  was  a  dynamic  response  with  their  model  in 
the  frequency  range  of  interest;  however,  the  amplitude  of  the  vaporization  rate  was  not 
sufficient  to  drive  the  instability.  It  is  noteworthy  that  their  model  assumed  that  liquid 
temperature  was  uniform  spatially  through  the  interior,  albeit  time-varying.  The  model 
effectively  employed  an  infinite  conductivity  so  that  the  heat  transferred  through  the  liquid 
surface  immediately  was  distributed  throughout  the  liquid  interior.  This  kept  the  surface 
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temperature  unrealistically  low;  the  amplitude  of  surface  temperature  and  consequently  the 
amplitude  of  vaporization  are  kept  at  reduced  levels  on  account  of  this  assumption. 

In  recent  years,  transient  droplet  heating  and  vaporization  has  been  studied  (18-33)  with 
a  better  modelling  of  heat  and  mass  diffusion  in  the  liquid  phase.  In  particular,  spatial 
gradients  of  temperature  and  concentration  through  the  liquid  are  taken  into  account.  In 
these  more  accurate  situations,  it  is  found  that  amplitudes  of  surface  temperature  and  va¬ 
porization  rate  can  be  large  enough  to  drive  an  oscillation  (18,34).  The  characteristic  time 
for  droplet  heating  is  commensurate  with  the  practical  periods  of  oscillation  resulting  in  a 
strong  dynamic  response.  Droplet  heating  time  is,  of  course,  dependent  upon  initial  droplet 
size.  Some  recent  results  (34)  for  liquid-fueled  ramjets  indicate  that,  along  a  stability  limit, 
initial  droplet  diameter  increases  with  the  combustion  chamber  length  (or  the  period  of  the 
natural  oscillation). 

The  vaporization  rate  responds  to  fluctuations  of  both  the  ambient  pressure  and  the 
relative  gas-droplet  velocity.  It  tends  to  be  more  sensitive  to  the  latter.  For  transverse 
oscillations,  the  pressure  and  velocity  tend  to  be  in  phase  so  that  the  pressure  sensitivity 

and  the  velocity  sensitivity  can  be  reinforcing. 

The  theory  for  oscillatory  droplet  vaporization  can  explain  the  driving  of  combustion 
instabilities  in  situations  where  hydrocarbon  fuels  are  employed  and  chamber  operating 
pressures  are  subcritical.  The  theory  must  be  extended  to  understand  more  fully  situa¬ 
tions  where  the  pressure  is  supercritical  or  the  vaporization  of  the  liquid  oxygen  is  rate¬ 
controlling  (hydrogen  or  methane  fuel,  for  example). 

In  the  supercritical  pressure  case,  the  temperature  will  vary  significantly  from  the  ambient 
supercritical  value  to  a  subcritical  value  in  the  droplet.  The  latent  heat  of  vaporization  is  zero 
in  the  supercritical  pressure  domain.  Properties  will  vary  substantially  over  the  droplet  and 
its  surrounding  gas  film  because  of  the  wide  variation  in  temperature;  characteristic  diffusion 
times  can  therefore  be  very  different  in  different  zones.  This  means  that  the  supercritical 
pressure  case  shares  certain  generic  characteristics  with  the  subcritical  pressure  case  with 
regard  to  the  response  to  ambient  oscillations.  That  is,  transport  processes  within  certain 
regions  of  the  field  could  potentially  resonate  at  some  frequency.  Again,  the  theory  here  is 
not  fully  developed. 

In  the  case  of  oxygen  droplets  at  subcritical  pressures,  the  latent  heat  of  vaporization 
is  very  low  and  the  transfer  number  is  high  so  that  the  droplet  vaporization  is  very  fast. 
The  magnitude  of  the  temperature  gradients  in  the  liquid  phase  remain  to  be  determined. 
Potentially,  they  can  be  large.  The  sensitivity  to  fluctuations  also  remains  to  be  determined. 

In  summary,  we  can  model  an  oscillatory  vaporizing  spray  flow  reasonably  well  for  stan¬ 
dard  hydrocarbon  type  fuels  at  subcritical  conditions.  For  supercritical  conditions  or  for 
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oxygen  vaporization,  the  models  have  greater  uncertainties.  The  vaporization  rate  is  typi- 
cally  rate-controlling  and  responds  in  a  resonant  fashion  for  frequencies  of  practical  interest. 
Therefore,  vaporization  is  a  most  prominent  candidate  as  a  driving  mechanism  for  instability. 

Mixing 

After  the  two  propellants  vaporize,  they  must  mix  with  each  other  before  reaction  can 
occur.  The  mixing  process  will  be  turbulent  since  Reynolds  numbers  based  upon  distance 
between  injector  elements  and  propellant  velocities  will  be  in  the  range  of  104  to  106.  This 
distance  is  relevant  for  impinging  like-on-like  injectors.  For  like-on-unlike  impingement  or 
co-axial  injectors,  the  diameter  of  the  injection  orifice  or  port  is  more  relevant.  In  that  case, 
we  see  a  one  order  of  magnitude  reduction  in  the  Reynolds  number. 

A  characteristic  time  for  turbulent  mixing  can  be  estimated  to  be  less  that  1  millisecond  at 
its  upper  limit  and  as  small  as  ten  microseconds.  Some  very  small  fraction  of  the  propellant 
requires  a  time  to  mix  that  is  substantially  longer.  That  small  fraction  accounts  for  only 
a  very  small  amount  of  released  energy.  Mixing,  then,  is  generally  faster  than  vaporization 
so  that  it  cannot  be  rate-controlling.  It  has  minor  impact  on  the  distribution  of  the  energy 
release  through  the  chamber. 

In  this  discussion,  only  mixing  and  transport  on  a  scale  larger  than  the  droplet  size 
or  than  the  size  of  the  boundary  layer  around  the  droplet  is  considered.  The  mixing  and 
transport  in  the  boundary  layer  and  near  wake  of  the  droplet  has  been  considered  as  part 
of  the  vaporization  process.  Mixing,  as  defined  here,  includes  both  the  process  of  change  of 
local  composition  and  the  transfer  of  heat  from  burned  propellants  to  the  fresh  propellants. 

On  account  of  the  short  characteristic  time,  the  mixing  process  would  tend  to  resonate 
at  higher  frequencies  than  are  of  practical  interest.  Mixing  is  not  a  promising  candidate  for 
a  combustion  instability  driving  mechanism. 

Chemical  Kinetics 

After  the  propellants  are  well  mixed  and  heated,  they  can  react.  At  the  high  pressures  and 
high  temperatures  associated  with  rocket  combustion  chambers,  the  chemical  reaction  rate 
will  be  large.  The  characteristic  time  for  the  chemical  reaction  will  be  very  short  compared 
to  the  vaporization  time. 

Variations  in  the  chemical  reaction  time  due  to  fluctuations  in  pressure  and  temperature 
will  not  be  significant  compared  to  variations  in  the  vaporization  time.  Oscillations  in  the 
chemical  rate  will  not,  therefore,  produce  significant  oscillations  in  the  overall  burning  rate. 
Furthermore,  there  is  no  potential  for  a  resonant  response  of  the  chemical  kinetics  in  the 
frequency  range  of  interest. 
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For  these  reasons,  chemical  kinetics  is  not  viewed  as  an  interesting  driving  mechanism 

for  combustion  instability  in  liquid  propellant  rocket  motors. 

Note  that,  for  certain  experimental  configurations  where  propellants  are  introduced  as 
pre-mixed  gases,  we  can  see  importance  to  the  chemical  reaction  as  a  driving  mechanism. 
However,  the  chemistry  would  respond  in  a  quasi-steady  manner  over  a  wide  range  of  frequen¬ 
cies.  No  resonant  phenomenon  has  been  observed;  for  example,  an  increase  in  the  chamber 
length  does  not  modify  the  stability  of  the  combustion  process. 

D.  riHnfiEN  ATIEAS  FOR  EMPHASIS 

The  analysis  presented  in  the  previous  section  leads  to  the  clear  conclusion  that  vaporiza¬ 
tion  and  atomization  are  the  primary  candidates  for  emphasis  in  this  study.  Several  recent 
workshops  have  also  concluded  that  atomization  and  vaporization  are  the  two  processes  most 
likely  to  have  major  impact  on  combustion  instability  in  liquid-propellant  systems. 

The  atomization  study  should  address  both  primary  and  secondary  atomization  mech¬ 
anisms.  Elfects  upon  atomization  due  to  transverse  waves  would  be  especially  interesting. 
The  vaporization  study  should  examine  the  relationships  between  the  vaporization  rate  and 
the  fluctuating  ambient  pressure  and  velocity.  Again,  transverse  waves  are  of  special  interest. 
Since  vaporization  rate  is  very  sensitive  to  initial  size,  the  coupling  between  atomization  and 
vaporization  must  be  studied. 

The  designed  experiments  for  this  study  should  lead  to  improved  understandings  of  indi¬ 
vidual  droplet  behavior  and  of  the  interactions  amongst  droplets  in  a  spray  both  in  oscillatory 
and  non-oscillatory  conditions. 

F.  gTTrinFSTED  EXPERIMENTS  AND  MEASUREMENTS 

A  sequence  of  experiments,  of  increasing  complexity  and  practicality,  are  suggested.  Four 
levels  of  experimental  sophistication  are  proposed:  (1)  a  single  isolated  droplet  study,  (2) 
a  stream  of  interacting  droplets,  (3)  a  few  parallel  streams  of  interacting  droplets,  and  (4) 
a  spray  generated  by  a  single  injector  element.  Each  experiment  could  provide  information 
about  both  atomization  and  vaporization.  Also,  the  experiments  can  be  used  to  examine 
vaporization  and  atomization  phenomena  both  with  steady  operation  and  with  wave  distur¬ 
bances.  Various  pressure  levels  should  be  studied. 

The  isolated  droplet  experiment  should  include  a  number  of  capabilities.  Instantaneous 
droplet  shape,  size,  and  position  should  be  determined.  Relative  droplet-gas  velodty  and 
ambient  gas  velocity  are  needed.  Internal  circulation  patterns  should  be  examined.  In  prin¬ 
ciple,  <^oplet  vaporization  rate  can  be  determined  by  taking  the  derivative  of  the  droplet 
diameter  as  a  function  of  time.  This  can  lead  to  significant  errors,  especially  under  oscillatory 
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conditions.  An  alternative  appro2u:h  is  to  measure  surface  temperature,  the  normal  temper¬ 
ature  gradient  at  the  surface,  relative  velocity,  and  the  ambient  velocity,  temperature,  and 
pressure  simultaneously.  Then,  a  formula  can  be  employed  to  infer  vaporization  rate.  Still 
another  possibility  involves  the  simultaneous  measurements  of  the  relative  velocity,  ambient 
velocity,  ambient  pressure  and  temperature,  and  the  mass  fractions  of  the  droplet  vapors 
at  the  surface  and  in  the  ambient  flow.  Then,  the  vaporization  rate  can  be  inferred.  The 
formulas  that  axe  used  in  the  last  two  alternatives  become  approximate  when  the  Reynolds 
number  based  upon  relative  velocity  and  droplet  diameter  is  not  zero.  Also,  they  only  apply 
in  subcritical  states. 

This  experiment  should  allow  for  the  possibility  of  secondary  atomization.  The  mode 
of  bre<ik-up  and  the  number  and  sizes  of  the  resulting  fragments  should  be  determined. 
Correlation  with  the  instantaneous  Weber  number  and  a  characteristic  time  for  break-up 
should  be  measured. 

Initial  droplet  diameters  will  be  of  the  order  of  one  hundred  microns.  When  ninety  percent 
of  the  droplet  has  vaporized,  the  diameter  has  decreased  by  a  factor  only  slightly  greater 
than  two.  For  high  droplet  Reynolds  numbers  (compared  to  unity),  the  thickness  of  the  gas 
boundary  on  the  droplet  is  of  the  order  of  the  droplet  radius  divided  by  the  square  root  of  the 
droplet  Reynolds  number.  This  layer  could  easily  be  of  the  order  of  ten  mirrors  in  practice. 
It  is  desirable  therefore  to  resolve  down  to  a  few  microns  in  space.  The  characteristic  time 
for  vaporization  in  a  high  temperature  environment  is  a  few  milliseconds.  The  characteristic 
time  for  liquid-phase  heating  is  of  the  same  order  as  the  droplet  lifetime.  Typical  periods 
of  oscillation  in  an  unstable  combustor  vary  between  a  fraction  of  a  millisecond  and  several 
milliseconds.  Time  resolution  is  required  one  to  two  orders  of  magnitude  below  this  number; 
a  few  tens  of  microseconds  is  desirable  while  a  few  hundreds  of  microseconds  is  desirable  for 
transient  behavior.  Resolution  of  the  secondary  atomization  process  should  also  require  this 
small  a  time-scale. 

Transverse  wave  disturbances  are  the  most  interesting  to  study.  The  velocity  amplitudes 
for  the  transverse  mode  are  much  larger  near  the  injector  than  the  velocity  amplitudes  for 
the  longitudinal  modes.  Both  atomization  and  vaporization  modification  due  to  transverse 
waves  should  be  more  significant  than  modifications  due  to  longitudinal  waves. 

In  the  practical  problem,  chamber  pressures  can  range  from  tens  of  atmospheres  to  hun¬ 
dreds  of  atmospheres  and  temperatures  can  reach  3000  K.  Flow  velocities  can  reach  a  few 
hundred  meters  per  second  with  the  speed  of  sound  at  about  one  thousand  meters  per  sec¬ 
ond.  An  interesting  wave  disturbance  should  involve  a  pressure  amplitude  of  mean-to-  peak 
value  at  least  about  ten  percent  of  the  mean  pressure  and  a  velocity  amplitude  at  least  about 
ten  percent  of  the  speed  of  sound. 
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The  deflection  of  a  droplet  from  its  approximately  longitudinal  direction  by  a  strong 
transverse  wave  will  be  a  challenge  tor  the  experimentalist  who  is  attempting  rneasuremen 
JiThigh  resolution.  Compromises  can  be  made  by  studying  situations  ^th  lower  me^ 
w“!f  pressure,  temperature,  and  speed  of  sound.  However,  care  must  be  exercis^  m 

extrapolating  these  results  to  more  practical  conditions. 

The  second  type  of  experiment  involves  a  single  stream  of  droplets.  The  initial  spac- 
inglll  tanL  droplets  is  an  interesting  parameter  that  should  vary  between  a  few 
drtplet  diameters  and  about  twenty  droplet  diameters.  The  interesting  measurenients  and 
tS^ges  include  all  of  those  identified  for  the  isolated  droplet.  In  addition,  he  femporal 
variation  of  the  distance  between  droplet  centers  should  be  monitored.  T  e  'P™ 
upon  this  spacing  is  very  interesting.  The  characteristic  tim«  and  len^hs.  ‘ 

be  measured,  and  the  desired  resolutions  remain  similar  to  those  for  the  isolated  droplet. 

The  third  type  of  experiments  involves  several  parallel  streams  of  droplets.  Theming 
parallel  streams  here  as  well  as  the  spacing  between  tandem  droplets  should^ 
monitored.  Initial  spacing  between  parallel  streams  should  vary  between  a^ut  one  d  op 
diameter  and  a  few  diameters.  Tandem  spacing  should  be  similar  to  ” 

study.  Otherwise,  characteristic  times  and  lengths,  quantities  to  be  measured,  and  de 
:^lions  are  similar  to  those  discussed  above.  droplet  in  a  stream  or  the  second 

and  third  types  of  experiments  should  have  the  same  initial  droplet  size  and  the  same  initial 

"l^e  fi'lTpltLolves  the  spray  resulting  from  an  actual  coaxial  inlector  riement. 
In  this  experiment  primary,  atomization  will  occur,  making  it  different  from  the  first  three  ex- 
periments.  This  presents  an  opportunity  to  determine  droplet  size  distributmns  ^d  drople 
Locity  distributions  resulting  from  the  initial  atomization  process.  Joint  di^eter-ve  oci  y 
distributions  or  at  least  some  correlation  of  size  and  velocity  is  required.  Observations 
'^mechanism  of  primary  atomization  should  be  made  for  the  cases  with  and  without  wave 
disturbances.  Resolution  to  below  one  hundred  microns  in  length  and  below  one  un 

microseconds  is  probably  required  for  this  task.  ,  ,.  j- 

The  same  quantities  are  desirable  for  measurement  with  the  same  resolution  as  di«ms^ 
for  the  other  experiments.  The  obvious  additional  difficulty  here  is  that  initial  conditions  for 
the  droplets  are  not  known  a  priori  as  they  are  in  the  previous,  highly-  ordered  expenment  J 
configurations.  It  might  be  impossible  to  explore  in  detml  the  processes  of  vaponzation  and 

secondary  atomization  in  this  experiment. 

Each  of  the  experiments  can  be  conducted  with  a  gas  flow  employed  to  simulate  the  more 
volatile  propellant.  The  gas  flow  surrounding  the  droplet(s)  can  have  certmn  temperatures 
and  composition.  A  cold  gas  flow  can  be  useful  to  study  atomization  but  not  vaporization 
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and  combustion.  A  hot,  inert  gaseous  flow  is  useful  for  studying  both  atomization  and 
vaporization  but  not  combustion.  A  hot,  oxidizing  (reducing)  gas  surrounding  the  fuel 
(oxygen)  droplet  is  useful  for  studying  atomization,  vaporization,  and  combustion.  All  three 
types  of  experiments  can  yield  important  information. 

The  proposed  experiments,  measurements,  and  resolutions  have  been  made  here  solely 
on  theoretical  grounds.  It  is  fully  appreciated  that  compromises  will  be  required  based  upon 
practical  experimental  considerations. 
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APPENDIX  B  -  SHOCK  TUBE  EQUATIONS 


Two  texts  by  Gaydon  and  Hurle  (1963)  and  Bradley  (1962)  detaU  the  history, 
applications,  and  theory  of  shock  tubes  and  only  background  material  necessary  for 
definition  of  the  flow  field  associated  with  a  shock  tube  will  be  treated  here. 

The  development  of  equations  for  a  shock  tube  in  this  section  will  be  limited  to 
those  necessary  to  define  the  flow  in  the  uniform  region  of  flow  behind  the  shock 
front  for  a  step  function  wave  and  those  necessary  to  define  the  flow  field  behind  the 
shock  front  in  the  expansion  behind  the  shock  front  for  an  N-wave.  Assumptions 
consistent  with  the  following  analysis  include  those  of  ideal  gas  have  a  constant 
specific  heat  ratio,  y.  The  speed  of  sound,  a,  is  defined  according  to 


(B-1) 


Development  of  the  basic  equations  is  benefited  by  defining  a  coordinate  system 
which  is  fixed  relative  to  the  shock  front  with  the  shock  tube  fixed  coordinate  system 
the  alternative.  Considering  the  shock  front  as  a  control  surface  and  writing  the 
conservation  equations  for  mass,  momentum,  and  energy 


Pl“l=P2“2 

(B-2) 

A+P1«1^=P2+P2“2' 

(B-3) 

1  9  1  2 

=/t2+-«2 

(B-4) 

where  the  enthalpies  per  unit  mass  h^  and  h2  are  defined  by 


P 

and  no  heat  loss  in  the  shock  wave  is  assumed.  These  equations  are  true  for  any 
shock  wave  in  gas. 

In  the  shock  tube  fixed  coordinate  system,  the  velocity  of  the  gas  upstream  of  the 
shock  front  which  moves  at  W,  is  vi=  0,  while  the  velocity  of  the  gas  behind  the 
shock  is  V2=  W  -  up  ,  where  up  is  the  particle  velocity.  For  the  shock  fixed 
coordinate  system,  gas  enters  the  shock  front  with  relative  velocity,  uj,  and  leaving 


B1 


the  shock  with  relative  velocity,  U2,  as  shown  in  Figure  B-1.  Thus  the  two  coordinate 
systems  can  be  related  by 


Uj=W 


(B-6) 
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Figure  B-1 

Schematic  of  Stationary  and  Moving  Shock  Waves 
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Substituting  expressions  B-6  and  B-7  into  equations  B-3,  B-4  and  B-5  yields 


P,W  =  P2(W-Up) 

Pl+P,W^=P2+P2(W-«,)' 

For  a  calorically  perfect  gas  with  y  =  Cp/Cy, 

ft  =  — ^P7’  =  -^- 

(y-1)  (Y-i)P 

[ 

p  =  pRT 

From  equation  B-1 1,  equation  B-10  may  be  rewritten. 


(B-8) 

(B-9) 

(B-10) 


(B-11) 


(B-12) 


_L_£L  +  itV2  =_)[_£2.  +  (W^_»  )2 
(y-l)p,  2  (y-l)p. 


(B-13) 


Eliminating  velocities  from  equations  B-8,  B-9  and  B-13  yields,  after  rearranging 


^  (Y-l)Pi 

Pi  (Y  +  l)p2  (B-14) 

P.  ■  PL_Izi 

p2  T+1 

and  solving  for  pj  /pi  and  using  equation  B-8  yields 
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Pi  (Y-^)P2  I  1 
(Y+1)  Pi 

Solving  forT2  /Ti  using  the  ideal  gas  relation  B-12  and  equation  B-15  yields 


(Y-1)P2  I  I 

T-,  _  Pr  (Y  +  1)  Pi  (B-16) 

7;  p,  Izl+K 

Y+1  p, 

Eliminating  W  -  up  from  equation  B-9  using  equation  B-8  gives 


Pi  Pi 

Introducing  the  Mach  number  defined  as  the  ratio  of  the  speed  of  a  disturbance  in  gas 
or  the  gas  velocity  itself  to  the  local  speed  of  sound 


Ms  = 


W 

ai  aj 


Substituting  equation  B-1  into  B-17  and  using  the  definition  B-18  yields 


(B-18) 


^  =  l  +  YM/(l-pi/p2) 
Pi 


Eliminating  Pj  /  Pj  from  equations  B-15  and  B-19  gives 


p,  2-^s^-(-r-i) 

Pi  T+l 

and  eliminating  p2/pi  from  equations  B-19  and  B-20  gives 


(B-20) 


(B-21) 


p,_  (Y+1)M/ 

p,  (y-1)M/+2 

and  using  the  ideal  gas  relationship  B-12  and  equations  B-20  and  B-21  gives 

Z  -  (Y  - 1)  /  2)(( Y  -  DM, V  2 + 1) 

t;  (Y+lfM//4 

Solving  equation  B- 19  for  Mg  gives 


and  combining  with  definition  B-18  yields 

which  relates  the  velocity  of  the  moving  shock  wave  to  the  pressure  ratio  across  the  wave. 
The  particle  velocity  may  be  related  to  this  same  pressure  ratio  by  combining  equations  B- 
8,  B-15,  and  B-24  so  that 


(B-22) 


(B-23) 


(B-24) 


m„  =  M2=— (Pa/Pi-l) 


2y7(Y±1) 


Pi  I  Y-1 


(B-25) 


i  Pi  Y+i 

For  a  right-running  simple  wave  of  raiefraction  we  have  the  invariant  quantity 


2a 

u - =  constant 

Y-1 


(B-26) 


and  isentropic  flow  where 


For  the  driver  section,  114  =  0,  7  =  74,  and  M  =  M4,  so  that  B-26  can  be  written  for  a 
general  location  as 


=  (B-28) 

fl4  2 

and  using  the  isentropic  relation  gives 

274 

—  =  (1-(74-1)K/^4)/2)^""‘  (B-29) 

Pa 

Applying  Equation  B-29  between  the  head  (region  4,  Figure  5))  and  the  tail  (region  3, 
Figure  5)  of  the  rarefraction,  solving  for  U3,  and  recalling  preservation  of  pressure  across 
the  contact  surface  (p2  =  P3)  yields 


M3  = 


2a4 

74-1 


74-1 


(B-30) 


Now,  recalling  preservation  of  velocity  across  the  contact  surface  (U2  =  U3  =  Up)  and 
equating  Equations  B-25  and  B-30  yields,  after  rearrangement: 


£1  ^  P2  J 
Pi  Pi 


(74-1)^ 


1  — 


C4 


Pi 
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271-1- (71+1) 


P2 
I  Pi 


-1 


yj 


-2Y4 

Y4-1 


(B-31) 


This  expression  can  be  used  to  determine  the  driver  section  pressure  required  to  produce  a 
wave  of  strength  P2/Pi>  although  no  damping  effects  are  taken  into  account  here,  and  the 
actual  driver  section  pressure  may  be  substantially  higher  for  high  amplitude  waves. 

As  N-waves  are  employed  in  the  present  effort  characterization  of  the  simple  wave 
flow  region  following  the  shock  front  is  also  necessary.  Thus  the  local  velocity,  U2i 
following  the  shock  front  can  be  defined  by  the  local  pressure,  P2i  at  that  point  as 


M2(0  =  M2,m« 


+1^ 

7-1 


^  2a^ 

7-1 


(B-32) 
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where  the  local  sound  speed  is  given  as 


^  (0  =  "  “2.m»  ) 


and  the  local  static  temperature  is  given  by 


(B-33) 


^.mai 

and  the  maximum  values  are  those  found  in  the  uniform  flow  region  after  the  normal 
shock. 

The  test  time.  Attest*  can  be  found  by  calculating  the  difference  in  arrival  times  of  the 
shock  front  and  the  contact  surface  at  the  test  section  distance,  Xjest*  as 


A.  =_5«£_  =  £«£2.U][ -  (B-35) 

(W-u^)  a, 

This  is  a  lower  limit  estimate  of  test  time  for  a  step  wave.  Test  times  for  N-waves  will  be 
longer  due  to  the  continuous  reduction  in  Up  after  the  passing  of  the  shock  front. 
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ABSTRACT 

Ady«K»dU«r<B.pK«tic  «c«nrcn««  «  b«n^ 

of  field.  ^chc«le«l«»i«suM^  Ha<«ating  «liq.lct  vaporization 

and  subsequent  reaction  rate  fluctuations  resulting  from  ««nstic  disturbances  within  the 
combustion  chmnber  may  potentially  be  the  cause  of  timse  insubilities.  Models  have  been  developed 
to  describe  the  interactions  between  droplet  vaporization  and  acoustic  fields  in  the  surrounding 
g«es,  but  have  not  been  verified  experimentally.  One  of  the  difficulties  in  this  experimental 
verification  is  identifying  techniques  with  sufficient  resolution  to  measure  small  clmnges  in  droplet 
dimneter  which  result  in  significant  vapor  generation.  Exuemely  .caK«e  vaporizadoo  meamremenu  «e 
being  perfonned  by  uiing  individual  dmpleu  a.  mhuanue  Umn.  pmdudng  moq^ologynlependant  wouaneea.  whoae  qiectnl 
„KA<tmctme  coouin.  infonnadon  about  the  l.«sr  cav^  Tbeae  c«.  be  related  to  dmplet  aixe.  The 

measuremente  are  being  appUed  to  detennine  droplet  vaporization  rates  in  quiescent  conditions  and 
after  the  passage  of  a  weak  pressure  pulse. 


INTRODUCTION 


Acoustic  instabffities  within  the  combustor  have  been  a  concern  ever  since  the  development  of  Uquid- 
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•  of.KJUriiM:  «rc  not  weU  understood  but  are  important 
f...W  rocket  engines.  The  mechanisms  leading  to  these  mstabdiues  are  not  weu 

since  engine  perfonnance  is  sacrificed  in  order  to  avoid  conditions  in  which  the  msubthues  occur.  Tlte  cause  is 

.  of  A-  fuel  and  oxidizer  droplets  or  increased  evaporation  caused 
m  enhancement  may  result  fiom  atomizauon  of  Ae  fuel  «k1  oxKuzer  cnop 

r#:-,  .ujc^Qim  waves  leading  to  die  instability, 
by  the  surrounding  gas  flow  which  amplifies  pressure  waves  leaomg 
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.  t.»^«,5A.monodisoeti«i  droplet  stream  introduced  into  a  rocket  combustor- 

laser  diagnostic  technique  is  combined  with  a  monodispctsea  mop 
like  flow  field. 


experimental 
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Future/Conclusions  section 
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•  K  M.  provide  opticd  «o  illuminate  the  droplets  with  the  laser  beam,  so  that  they  can 

Hat  windows  on  either  side  provide  optical  wriRV 

^ob^edwith«iinter.ir.«iCmcamer.^hnag«lontltei^^^ 

A  frequency^ubled  pulsed  Nd:YAG  laser  beam  is  condensed  to  illuminate  the  droplets  and 

a  specified  time  delay  .to  tltepressme  pulse  h.^ 

the  camera  and  spectrometer  to  acqune  a  signal  at  a  speemea  un  7 

•  transducers  located  iqistream  of  and  surrounding  the  testsection.  In 

droplets.  Timing  is  determined  from  pressure  „  md  the  wave 

.  .  .  ,  nrovidc  a  means  of  measuring  the  actual  tmung  and  the  wave 

addition  to  providing  the  timing  signal,  these  F^vide  means 

strength  (pressure  ratio)  and  vekxaty. 

60  or  120  jtm  can  be  produced  to  stre«n  velocity  is  apprommatdy  7 


piAGNOSTICTRi^HNIOUE 

.  _ _ acanev^  evaporation  was  meastired  using  moiphology- 

In  order  to  achieve  to  reqtnred  measurement  acaaaey  ,  ^ior«i 

^  c 

dy,  fcoWrf  in  * 

(„  ««  oC  o,  .»  100  P- in -i»~)  of  • 

d»™inFi*.2. 

by 


v=  n/(icd). 


(eqn.  1) 


MDR«nr.«7p  a«>pl« U dn-n in Rs 3. 

Avn  =  (An)/(wi),  (o^”' 
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wh«,  »v„  u  W  b«.«n i" ■•  sh»Id bc.„«<.  to. «»  mod.  ntoto. ..  .ito.  to 

d,op,«  to.«  be  m  rnmto.  vto.  to.  torefom.  to  to  edjtom  moto  »o.b.  be  Ibm.  Ho.m,„.  to 
ito«  « .he  beta !...«  to  *opte  to.  pmtoto  »■  W™"  “ 

=  (eqn.  3) 


for 


modes,  where  m  is  the  ratio  of  the  droplet  refractive  mdex  to  that  of  air. 


A  diangc  in  droplet  diameter  can 


be  determined  by  simply  nsing  MDR’s  to  measure  the  droplet  diameter 


,ri...v«.si.to.itoptoodtolmto«ctog«tofmoto«b«B«bto.to.d»..«.»to.  Ho.m,«.  to. 

0« tototo fltom toto to toolmto. »to 

d..^ta.ptototomto»rf.gWto-otob«tototo..p«to.  to„to.p«mlp«ito.....toto»tofi« 

.,«™„  to.  1.  to  moto  .»»b=.  m  to.  be  dto-tod.  VTto  toA  to  tototo..  of  to  ^ 

«Bmiq)tionthatAd«d.  die  change  in  diameter  is 


Ad=Avt(Jid2/n), 


(eqii.4) 


.bto  AV,  l.todtoS.«to0tolbtoAo.of.toctommfcbtoto..toiptom-totodoto.tompto.4L 

Tto  mmbtom  mb*  to.  tobniqo.  i  ptoly  tobtotol  too  mtotomtos  bto*  mode  q.to«  m  tow.  m  Rg. 


4. 


T.A.<;FR  SYSTEM 

Laser  energy  to  pump  the  dye  is  provided  by  the  second  harmonic  of  a  double-pulsed  NdtYAG  laser. 
Pdses  were  ^xinwtely  10  ns  in  length  provided  virtually  instantaneous  me«miements  with  xespea  to  the 

dioplettmd  gas  flows,  m  User  system  was  modified  to  aUow  multiple  pulsing  at  lugh  frequend 

spacingaroundlOOpstodetermineevapom^  lie  laser  beam  was  foenssed  to  mumiiuue  a  single  dn^^^ 

at  a  time  and  timing  of  the  laser  pulse  was  triggered  from  pressure  pulse  passage.  Using  this  system,  a  series  of 
measurements  could  be  acquired  using  differing  delay  times  on  successive  pressure  pulse  runs  to  describe  the 

evaporation  cnhancemcnl. 
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results 


ppAPT  FT  <?WAnOWGRAPHS 


Initial  shadowgraph  mcasuicmcnls  wore 


nii«teoQW«ter  droplets  with  a  diameWOT  the  A 


two  diameters. 


*,,pla  .  topl«  i»  *»>>  •k' 

Ilo,b«  «.»»  of  ■!<>«’■»* 

p.1*  0.U  »d  .  P^owe  .itt  .  P««»o  of  10  0.  m  »d  flo.  vdodte  of  M  0. 100  ...fc  <«» 

a„  k,.»  o™  (Ht «%  0»  fo" -I-*  *1*^ 

.oriition.  to.  .«po«i»  cooM  lOW  .  P«  i«  O* '"••■“'i*  •'» 
at  the  high  flow  conditions- 


CT7F  MPAStlRPMBNT  AmiRACY 

0.,.«to-to.-«»too.topl~,to««lby.ltoototo*^ 

te^ofoptoionoftepioodtoictoio..  Tl»MI»-.«».to"toito.^«o«<»to.*h.l«*. 
ai^o.tototol»bw.2-DVkli(»»d.too..  Tl»0to»rcltorito*« 
fch^l  to  1.  caltol  «  593  nm.  MDR  totottoto  tav.  bto  mto  ..=  to  nto  <» “» 
rf  tb.  toto".  to  «.  .bow.  i.  B*.  7.  Ato~wto.tototooo,i.Itotod.n»^ 

..tonoton  of  to -tototoA  too«b  to  to-«  «  Ito-d  10- to  toltoto  torf- to^ 

toptetoto^-rito-to-W^totolylOlto  TbtotoPtoto.to«l’to>k'M“'‘’<^““ 
.to»ao..tlb.cto».  Tb.too«oto»i~lotoDto.#lKtobl.lototo<litoto»-otoiiMldyl 

,„  »•,,,  MDR  tob«  to  <lito«  <to«»  -  tobm  Wtoltody  3  to  .to,  lb.  toO.  to.  btod  o. 

detector  pixel  spacing. 


Y APORT7.ATION  RATF  MEASUREMEMIS 

Wdal  evaporation  T>«e  measurements  have  been  made  on  methanol  droplets  in  a  gas  flow  at  atmospheric 
temperature  and  pressure  in  the  faciUty  described  above  and  in  Ftg.  8.  Evaporation  rates  were  determined  by 
recording  MDR's  &om  droplets  at  several  heights  in  the  droplet  stream  and  observing  the  spectral  shift  of  a  given 


Cl 


^  ^  -«  «0^  ^  ^ -P^ 

a»»«.  4  »d*. 6^-0^ Tl»cb»*«- 
^o„»p«. »  -»  -f—  -  P'«“-  >»■  •^  ““^  P^  •  “^' 

evaporation  rate  of  l^lxlCT^  cm^/s. 

E,v»«io»  «“  Pto  ■!«  1-^  <<  •  P~”“  P"^ 

^  i.  <,.i-c««  «  b««..b  *- *d»dd«  «ffl  b.  »  <»>«  «f 

for  the  desired  evaporation  rate  measurcmcals- 


future  /  CXDNCLUSIONS 


•n,.  d«ien  of  t  hcillly  u.  )«««««•>'  “  *  »“b«^  *”*““"* 

^  „  23(«  pd  5«  p~».  -bb  P«>~  - -n^ 

dd«,  »cd»  «a  .  I0*»  !«»"  4*“  “P*”  “P"^ 

1«  bc»  «»ic«rf  «d  »  »c«™l  to  «  I-b»m  pld««>1b  Tte  *b'»  “ 

piston  retains  the  driver  section  and  burst  disk  assembly  in  position. 

■n,.u=.»odo.»»i»»gnlp».fb«ari.««do.»dloo.51«m«p««n».^^  6b« 

boo.,co.oma«l»«".»Moo»dfo.eioe.  TV«««o«««ho»«sth.*opWg«««oro,«o«idtoi«« 

.„d  «,o  topfc.  cdd«  «  no.y  «*»d  «a  <»>»!»  •»«  ‘  PP  Mgb-p.=P«  «pb-l  -i»b>»  «" 

oito  .14.  »4 . 0.7S  ,i„4«,  o.  Ptp.  A  widow  porg.  hto  !»«  b».g»»4  boo  the  ».. ««».  P. 

Mp  kcq,  *.  dd.  widow.  cl»  of  liioM  4«dg  dd.  «!*  4d  ~«id  middr.  I.  te  .  51  dm-loog  dot  »=1. 
wi*  »  od.  hdgh.  of  05  do.  -d  Wd  4o.ig»4  »  o.  ohobd  «  Iho  m«»dm  ««  dcoo.  .uttdydUd  pddwo 
condition  (1000  psi)  with  a  mass  flow  of  1.5  Ibm/sec  for  each  wmdow. 
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*,  (taibUity  neodoi  “  ol«>"«  *0  ”‘'*'  '**“ '“““’  "  “  *0  “  *“ 

Tl«..  .~«o« ■  51 

^olo  SO  mMo»  ».l  Pipo  «*.««««  01»' 
window,  t  baffle  plaie  can  be  posidoned  just  iqistteam. 


h  .rfor  «.  op««.  *o  IsJfo  «l>o  k !«  0'“*'^  «»» '^5’'^ 

Fo»»dq«»a«u.y«™«W>>'l>o«««cS«0»~rt9ba^ 
gauge,  toggle  valve,  and  needle  valve. 


•niese  feeffities  and  techniques  wffl  be  used  to  pedbmt  ineasiiiemente  of  dioi*^ 

of  »d,«»«o»«o.  » 

instability  mcchanisnis* 
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Fig  1.  Optical  configuration  for  generating  MDRs  in  a  drop  et  stream 
behind  a  shock  wave.  The  laser  is  timed  to  pump  fluore^en^  dye  n  me 
droplets  at  a  preset  time  delay  after  shock  wave  Passage^ 
the  droplets  is  imaged  in  the  Xybion  CID  camera  and  on  the  slit  of 

a  spectrometer. 
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Rq  2  MDR  optical  paths  in  a  spherical  cavity.  Total  internal 

reflection  of  light  emitted  near  the  surface  of 

the  cavity.  Scattering  of  this  light  from  within  the  droplet  is 

observed  as  MDR  emissions. 


Normalized  Intensity 


Droplet 

Dia. 


Droplet  diameter  change  from 


d  =  droplet  diameter 
A  d  =  change  in  diameter 
n  =  MDR  mode  number 
An  =  mode  rw.  differenoe 
V  =  frequency  ( cur  i ) 
Av  =  change  in  frequenry 


Subscripts 

1  Initial  MDR  spectrum 

2  Final  MDR  spectrum 

t  Change  in  spectral  location  for 
a  given  mode  number 
rv  Difference  in  spectral  location 
for  adjacent  modes 


r«.4.  Ach3ngeind.^,dan«^can^«~ 

spectra  with  differing  “SjT  ^ "S  The  difference  provides  the 

"?atr,:tS  “LL,"  Wid,  this  technioue.  rfameter  changes  of  a  few 
nm  can  be  measured,  providing  the  necessary  sensitivity. 
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EFFECT  OF  SHOCK  ON  DROPLET 

pressure  Rise:  1 .2  Droplet  Diameter:  90j. 


Flow 


mm 


lOlis 


aoiis 


90IXS 


330JJIS 


430|is 


530IIS 


i 

I  630|iis 

Fig.  6 
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Droplet  Diameter  (microns) 


Droplet  Dia.  vs.  Droplet  Generator  Frequency 


Fig.  7.  Droplet  diameters  as  measured  with  MDR's  ys.  droplet 
generator  frequency.  Diameter  variations  of  this  size  cannot 
be  measured  with  our  camera  system. 


-  1  .  ,  ■  i  ,  ,  .  i  ■  I  ai  I  ■  I  1  ■  ■  t  ■  ■  ■  ■ 

17300  17340  17380  17420 


Frequency  (cm* '' ) 


g.  9.  MDR  specs  acquired  «  ^  «a^s  M 

erS  »  de.eC  die  small  cha;,ges  »hiC  are  oocmng  due  lo 

v^aporation. 
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Fin  10  Chanqe  in  droplet  diameter  due  to  evaporation  along 
t"  e  oH  drople.'^^rean,  below  the  generator.  .n,t,al 

diameter  is  approximately  70 
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OR 

EXHAUST 

VALVE 


Rg.  11.  Pulse  tube  for  liquid  stability  tests. 
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APPENDIX  D 


''Measurements  of  the  Effects  of  Acoustic  Disturbances  on  Droplet 

Vaporization  Rates"** 


**  Republished  with  AIAA  permission  (Bonnie  Midnica). 
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BSBASUREMENTS  OF  THE  EFFECT  OF  ACOUSTIC  DISTURBANCES 
ON  DROPLET  VAPORIZATION  RATES 
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Abstract 

Advanced  laser  diagnostic 
measurements  are  being  applied  to  quantify 
droplet  vaporization  enhancement  in  the 
presence  of  acoustic  fields  which  can  lead  to 
instability  In  liquid-fueled  rockets. 
Fluctuating  droplet  vaporization  rates  and 
subsequent  reaction  rate  fluctuations  resulting 
from  acoustic  disturbances  within  the 
combustion  chamber  may  potentialfy  be  the 
cause  these  instabilities.  Models  have  been 
developed  to  describe  the  interactions  between 
droplet  vaporization  and  acoustic  fidds  in  the 
surrounding  gases,  but  have  not  been  verified 
experimentally.  One  of  the  challenges  in 
experimental  verification  is  to  identify 
techniques  with  sufficient  resolution  to 
measure  -«gTtaTl  changes  in  droplet  diameter 
which  result  in  significant  vapor  generation. 
Extremely  accurate  vaporization  rate 
measurements  are  being  perfoimed  using 
individual  droplets  as  miniature  lasers, 
producing  morphology-dependant  resonances, 
whose  spectral  mode-structure  contains 
Information  about  the  laser  cavity 
dimensions.  These  can  be  related  to  droplet 
size.  Ihe  measurements  are  being  applied  to 
determine  droplet  vapoihsation  rates  in 
quiescent  conditions  and  after  the  passage  of  a 
weak  pressure  pulse. 


Introduction 

Acoustic  instabilities  within  the 
combustor  have  been  a  concern  ever  since 
development  of  liquid-fueled  rocket  engines 


•  Research  Scientist.  Member  AIAA 
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began.  Since  the  mechanisms  leading  to  these 
instabilities  are  not  well  understood,  engine 
performance  is  sacrificed  in  order  to  avoid 
conditions  in  which  the  instabilities  occur. 
The  cause  is  believed  to  be  a  reaction  rate 
enhancement  produced  by  and  in  phase  with 
acoustic  waves  within  the  combustor.  The 
enhancement  may  result  from  atomization  of 
the  fuel  and  oxidizer  droplets  or  increased 
evaporation^  caused  by  the  surrotmding  gas 
flow  which  amplifies  pressure  waves  lead^  to 
the  instability. 

Spherically-svmmetrlc  droplet  models, 
have  been  develqped^*^  to  describe  the  effect  of 
acoustic  perturbations  on  evaporation  and 
show  that  vaporization  enhancement  could 
lead  to  liquid  instabilities  in  rocket  engines. 
Experimental  verification  of  these  models  is 
required  and  is  being  accomplished  in  a  pulse 
tube  system  using  a  laser-based  diagnostic 
technique. 


Eaqreilment 
Pulse  Tube  System 

An  experiment  was  designed  to  observe 
the  effect  of  pressure  fluctuations  and  the 
resulting  velocity  field  on  evaporation  rates  in 
small  droplets.  A  system  which  sul^ects  the 
droplet  to  a  single  pressure  pulse  was  ^osen  as 
opposed  to  an  osc^ating  pressure  fidd  due  to 
time  scale  considerations.  While  droplet 
lifetimes  in  a  rocket  combustor  environment 
are  on  the  order  of  several  milliseconds, 
instabilities  in  liquid-fueled  rocket  engines 
occur  with  frequencies  on  the  order  of 
hundreds  of  Hertz.  Thus,  a  typical  droplet  secs 
only  one  pressure  cycle  and  the  effect  of 
Subjecting  droplets  to  an  instantaneous 
pressure  rise  followed  by  a  steacfy  pressure  and 
velocity  field  allow  the  physics  of  the 
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evaporation  enhancement  process  to  be  better 
understood  and  comparison  to  analytical 
models  can  be  more  readily  made. 

Measurements  of  the  effects  of  acoustic 
waves  on  droplet  evaporation  rate  were 
accomplished  by  passing  a  weak  shock  wave  or 
pressure  pulse  over  a  stream  of  small  droplets 
(approximately  70  pm)  and  measuring  the  rate 
of  change  of  droplet  diameter.  A  simple  pulse 
tube  system  was  made  ustng  a  2.2  m  section  of 
25  mm  diameter  copper  tube  as  the  driven 
section.  Flanges  were  used  to  attach  a  1.4  m 
driver  section  of  similar  material  and  the  two 
sections  are  separated  by  an  aluminum  foil 
dlaphram,  typically  30  pm  thick,  at  the  flange 
Joint.  The  driver  section  is  pressurized  with 
compressed  air  until  the  dlaphram  breaks, 
sending  a  pressure  pulse  through  the  driven 
section.  The  pressure  ratio  across  this  pulse  Is 
1.2  and  Is  repeatable  to  within  about  5%.  The 
air  velocity  established  behind  the  wave  finnt 
Is  approxlmatefy  46  m/s.  A  weaker  wave  with  a 
pressure  ratio  of  1.1  can  be  produced  by 
chemically  etching  a  line  In  the  foil  dlaphram 
but  this  was  not  used  for  the  tests  which  win  be 
described. 


Diagnostic  Technique 

In  order  to  achieve  the  required 
measurement  accuracy,  evaporation  was 
measured  using  morphology-dependent  - 
resonances^  (MDR's).  A  microscope  and  video 
system  can  provide  only  rough  measurements 
and  typically  are  able  to  resolve  droplet , 
diameters  to  within  only  approxlmatefy  10  pm. 
With  the  MDR  technique,  a  dye  dissolved  in  the 
droplet  fluid  is  pmnped  to  an  upper  electronic 
state  by  an  external  light  source.  Small 
droplets  (on  the  order  of  or  less  than  100  pm  In 
diameter)  of  a  solvent  and  dissolved  laser  dtye 
are  Illuminated  with  a  high  power  pulsed  laser. 
Stimulated  emissions  from  dye  molecules  Just 
inside  the  circumference  of  the  droplet  are 
constrained  to  the  Inner  surface  by  total 
internal  reflection,  effectively  producing  a 
spherical  ring  dye  laser.  Within  the  spectral 
envelope  of  the  dye.  frequency  modes  for  which 
the  circumference  is  an  Integral  number  of 
wavelengths  are  resonantly  enhanced.  The 
spectral  location  of  these  modes  can  be 
expressed  by  the  frequenty, 

V  =  X  /  (jcd)  (!)• 


Measurements  are  made  in  a  test 
section  located  1.1  meter  from  the  dlaphram  m 
the  driven  section.  Here,  the  steady  state  test 
fiTTifr  after  wave  passage  is  approximately  5  ms. 
Flat  windows  are  glued  Into  both  sides  of  the 
tube  to  provide  optical  access  and  pressure 
transducers  are  located  on  the  up  and 
downstream  sides  to  provide  a  means  of 
measuring  pressure  rise,  wave  velocity  and 
tiTTiing  with  respect  to  a  diagnostic  laser  pulse. 
2  rnm  diameter  holes  were  drilled  into  the  top 
and  bottom  of  the  test  section  and  a  droplet 
generator  was  positioned  to  direct  a  stream  of 
precisely-controlled  monodispersed  droplets 
vertically  through  the  holes.  This  device, 
produced  by  Fluid  Jet  Assoc.,  directs  a  stream 
of  fluid  under  pressure  from  a  reservoir 
through  a  16  pm  orifice.  A  piezoelectric 
transducer  in  the  reservoir  is  oscillated  at  a 
specific  frequency  to  drive  the  Rayleigh 
Instability  In  the  fluid  stream,  causing  it  to 
break  up  into  droplets  of  quite  uniform 
diameter.  These  droplets  are  In  the  r^lon  of  70 
pTTi;  size  dependent  on  the  exact  pressure  and 
frequency,  but  maintained  within  a  range  of  a 
few  nm. 


Observed  light  scattered  from  the  droplrt  is 
shifted  slightly  due  to  the  refractive  Index 
change  and  the  result  Is  thatxls  not  an  Integral 
quantity.  Ax  between  adjacent  modes  Is  no 
longer  1.  but  Is  expressed  bjr 

Ax = tan'^fttf-l)^  /  (2) 

where  m  Is  the  ratio  of  the  droplet  refractive 
Index  to  that  of  air.  The  mode  spacing  is 
illustrated  In  Fig.  1  where  the  MDR  modes  are 


Droplet  diameter  change  from: 


d-^ 
'  iiAv 

<1,-^ 
^  kAv 


Ad-dj-d- 

T  I 


Or 


Ad 


Rg.  1.  Illustration  of  methods  for  measuring 
droplet  diameter  change  from  MDR  mode  spacing 
changes. 
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represented  as  vertical  lines  equally 
separated  in  frequency.  The  upper  set  of  lines 
represents  the  inodes  In  an  original  droplet 
and  the  lower  lines  represent  the  inodes  with 
Increased  spacing  after  a  slight  decrease  in 
diameter.  The  droplet  diameter  can  be 
calculated  from  the  measured  frequency 
spacing  between  modes, 

Avn  =  Ax  /  (nd)  (3), 

A  change  In  droplet  diameter  can  be 
deteimlned  by  sttnpty  using  MDR’s  to  measure 
the  droplet  diameter  twice  over  a  given  time 
period  and  subtracting  one  from  the  other  to 
obtain  the  change  In  size.  However,  this 
technique  may  not  be  able  to  resolve  small 
changes  to  droplet  size.  Our  detector  system 
limits  the  resolution  with  this  technique  to  no 
better  than  1  pm,  based  on  pbcel  size  and 
spectrometer  dispersion.  A  more  accurate 
method  Is  to  measure  the  change  directly  by 
observing  the  dbiange  to  spectral  location  of  a 
given  mode  between  two  spectra.  From  the 
spectral  position  of  a  mode  in  the  first 
spectrum  and  eqn.  1,  x  can  be  determined.  With 
this,  the  derivative  of  the  eqn.  1  and  an 
assumption  that  Ad«d,  the  change  in 
diameter  Is 

Ad  =  -iid2Avt/x  (4) 

where  Avt  is  the  time-dependent  change  to 
spectral  location  of  any  given  mode.  The 
resolution  using  this  technique  Is  enhanced  by 
over  two  orders  of  magnitude  over 
measurements  ustog  mode  spacing.  - 

Optical  System 

In  this  experiment,  Rhodamlne  590 
laser  dye  was  dissolved  to  methanol  droplets. 
Laser  energy  to  pump  the  dye  was  provided  by 
the  second  harmonic  of  a  double-pulsed 
Nd:YAG  laser  (532  nm).  Pulses  were 
approximately  10  ns  in  length,  providing 
virtually  Instemtaneous  measurements  with 
respect  to  the  droplet  and  gas  flows.  The  laser 
beam  was  focused  to  fllumtoate  Individual 
droplets  at  the  center  of  the  pulse  tube  as  ^own 
to  Fig.  2.  Timing  of  the  laser  pulse  with  respect 
to  pressure  wave  passage  of  the  droplet  stream 
was  established  ustog  a  preset  time  delay  after 
wave  passage  of  an  upstream  pressure 
tTeunsducer.  The  MDR's  were  acquired  ustog  a 
0.9  m  spectrometer  with  a  laige  dispersion  and 
recorded  using  a  2-D  Vldlcon  detector.  The 
detector  rhannpl  spacing  represented  0.275 


Hg.  2.  Optical  configuration  for 

generating  MDR's  In  a  droplet  stream  behind  a 
shock  wave.  The  laser  Is  timed  to  pump 
fluorescent  dye  in  the  droplets  at  a  preset  time 
deky  after  shock  wave  passage.  Light  from  the 
droplets  is  imaged  In  the  Xybion  CID  camera 
and  on  the  slit  of  a  spectrometer. 

cm*^/channd  and  was  centered  at  593  nm.  An 
Intensified  CID  camera  with  a  microscope  lens 
slmultaneoudy  recorded  droplet  fluorescence 
to  confirm  the  droplets  were  to  the  proper 
location  and  not  distorted.  Based  on 
spectrometer  dispersion,  it  is  possible  to 
resolve  diameters  to  approxlmatety  1  pm  using 
MDR  spacing  and  diameter  changes  to  within 
approximate^  3  nm  using  the  mode  shift. 
Actual  diameter  measurement  resolution  is 
reduced  because  of  spectrometer  resolution, 
spectral  noise  to  the  (fye  profile  and  detector 
noise. 

Evaporation  measurements  were 
obtained  by  determining  the  diameter 
difference  between  MDR's  from  the  droplet 
stream  acquired  just  before  a  run  to  quiescent 
gas  and  the  MDR  measurement  at  a  spedflc 
time  after  shock  wave  passage.  The  shift  to 
MDR  location  provided  the  diameter  change 
and,  combined  with  the  diameter  measured 
from  the  MDR  mode  spacing,  the  volume  of 
evaporated  liquid  was  determined. 


Besiits 

Initial  evaporation  measurements  were 
made  to  a  droplet  stream  to  unperturbed  air. 
This  was  accomplished  by  moving  the  droplet 
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Fig.  3.  Ten  shot  averaged  MDR  spectra  acquired  at 
four  locations  In  a  droplet  stream.  Mode  spacing 
indicates  a  diameter  of  68  pm  and  the  change  with 
position  Is  unresolvable.  However,  mode  shill  due  to 
evaporation  downstream  shows  a  125  nm  diameter 
reduction  over  the  6.4  mm. 


generator  vertically  upward,  effectively 
viewing  droplets  further  along  the  stream.  As 
the  generator  was  moved,  the  MDR  shift  due  to  ’ 
the  slight  evaporation  was  quite  evident. 
MDR’s  were  acquired  In  10  shot  averages  at 
each  of  four  heights  in  the  droplet  stream. 
Several  of  the  averages  were  taken  at  each 
location  to  deteimlne  the  repeatability  of  the 
measurements.  A  sample  set  of  MDR's  Is  shown 
In  Fig.  3  and  the  measured  droplet  diameter 
change  resulting  from  the  shift  Is  plotted  in 
Fig.  4.  Based  on  the  measured  droplet  velocity 
of  7  m/s.  the  evaporation  rate  for  these  70  pm 
droplets  was  2.36x10'^  cafi/s. 

Measurements  of  change  In  droplet 
diameter  behind  a  pressure  pul^  proved  more 
difficult  and  sever^  considerations  had  to  be 
made.  Distortion  of  the  droplets  occurred  only 
about  8  ps  after  shock  wave  passage  and  the 
droplets  did  not  recover  their  spherical  shape 
until  approxhnatety  400  ps.  While  this  limited 
the  time  period  in  which  measurements  could 
be  made,  the  MDR's  clearly  identified  that 
shape  distortion  was  occurring  and  that 
diameter  measurements  were  Inaccurate.  When 
the  droplets  were  distorted,  the  MDRsfgnal  was 
signlflcantty  reduced  and  multiple  irregular 
xn^es  were  observed. 

Measurements  thus  far  have 
concentrated  on  the  Initial  8  ps  period  and  thty 
can  also  be  made  after  the  400  ps  delay. 
However,  after  long  time  delays,  alignment  of 
the  tystem  must  liiidude  considerations  for  the 
droplet  trajectory  downstream  and  small 
fluctuations  In  pulse  strength  could  complicate 
the  measurements.  Measurements  of  droplet 
size  should  be  possible  during  the  8-400  ps 
period,  as  well,  ty  observing  the  MDR  structure 
to  determine  when  oscillating  droplets  are 
passing  through  a  near-spherical  shape. 
Analysis  of  the  MDR's  at  this  condition  will 
yield  an  accurate  droplet  diameter. 

A  large  number  of  MDR  measurements 
have  been  acquired  over  the  initial  8  ps  period 
in  order  to  follow  the  mode  shift,  llils  is 
necessary  to  account  for  shifts  greater  than  the 
mode  spacing  and  avoid  attributing  an  > 
observed  peak  to  the  wrong  mode  number.  Le.. 
an  incorrect  amount  of  shift  Hie  plot  which 
resulted  Is  shown  in  Fig.  5.  indicating  the 
change  In  diameter  with  time.  The  variation  in 
the  data  Is  believed  to  be  due.  primarily,  to  the 
fluctuation  In  wave  strength  horn  run  to  run. 


Diameter  Decrease  ( lun) 


Fig.  4.  Decrease  in  diameter  verses 

rfjgtanre  along  a  droplet  stream.  Combined 
with  a  measured  velocity  of  7  m/s  and  an 
inuial  diameter  of  73  jun.  this  indicates  an 
evaporation  rate  of  2.36X1 0^cm*/s. 

The  increasing  ^pe  of  the  curve  time  is 
an  Indication  of  a  phase  lag  in  evaporation 
duc  to  thc  acceleration  of  the 
flow  as  the  pulse  passes  and  to  the  removal  of  a 
methanol  vapor-laden  region  surrounding  the 
droplet  stream  and  inhibiting  evaporation  In 
the  quiescent  gas.  The  evaporation  rate 
readies  a  nearly  steady  state  value  6-8  ps  after 
wave  passage,  indicating  the  end  of  the  delay 
period.  This  time  is  slgi^cant  since  the  phase 
lag  for  enhanced  evaporation  with  respect  to 
the  pressure  pulse  is  an  important  parameter, 
controlling  the  combustion  instability  which 
occurs  in  rocket  combustors.  The  volumetric 
evaporation  rate  in  the  6-8  ps  time  span,  based 
on  the  slope  of  the  curve  and  the  droplet 
diameter,  is  1.37x10-3  cm^/s.  This  represents 
an  Increase  in  evaporation  rate  over  that  in  the 
stream  of  quiescent  gas  by  a  factor  of  584. 
While  this  value  seems  high  (the  droplet  would 
be  entirely  evaporated  by  130  ps).  it  will 
decrease  significantly  as  the  droplet 
accelerates  downstream  and  the  relative  flow 
velocity  is  reduced. 

Condndons/  Future  Work 

The  capability  for  measuring  droplet 
diameter  changes  through  spectral  shift  has 
been  demonstrated  and  successfully  used  to 
determine  the  evaporation  rate  of 


Fig  5.  Droplet  size  change  as  a  function  of  time 
delay  after  pressure  pulse  passage  with  a  pressure 
ratio  of  1.2.  The  line  is  a  quadratic  curve  fit 
Corresponding  volumetric  evaporation  rate  at  8  ps  is 
1.37xlO-»  cm?/a 

droplets  bdiind  a  weak  pressure  pulse.  It  is 
extremety  sensitive  to  changes  in  diameter, 
allowing  accurate  measurements  to  be  made  in 
extremely  short  time  spans.  Further 
evaporation  measurements  will  be  made  over 
larger  time  periods  to  confirm  this  value  and 
determine  if  the  vaporization  rate  remains 
constant. 

While  this  information  is  valuable  in 
validating  models  of  the  phenomenon, 
evaporation  rates  of  droplets  in  an 
environment  more  comparable  to  that  in  a 
rocket  combustor  is  the  desired  goal  of  this 
program.  To  accomplish  this,  a  high  pressure 
pulse  tube  has  been  constructed  and  wiD  be  tised 
to  make  measurements  at  pressures  up  to 
approximatety  68  atm  at  room  temperatures. 
Ultimately,  droplets  in  super  critical 
conditions  will  be  studied  and  appropriate 
fluids  and  diagnostics  will  have  to  be  diosen 
for  those  measurements. 

While  a  vaporization  enhancement  by  a 
factor  of  584.  caused  Ity  the  pressure  pulse,  has 
been  shown  and  a  phase  lag  relationship  is 
apparent,  combustor  response  in  a  reacting 
system  may  Influence  the  overall  role  of 
vapon2:atlon  in  liquid  instabilities. 
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Nomenclature 


d  =  droplet  diameter 
Ad  =  change  In  diameter 
m  =  refractive  Index  ratio  (droplet  liquid  to 
air) 

n  =  MDR  Integral  mode  number 
X  =  MDR  mode  number 
Ax  =  mode  number  difference  between 
adjacent  modes 

V  =  spectral  frequency  (cm**) 

Avn=  frequency  difference  between  adjacent 
modes 

Avt=  change  In  frequency  with  time 
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APPENDIX  E 


"Measurement  of  Droplet  Vaporization  Rate  Enhancement  Caused  by  Acoustic 

Disturbances" 
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measurement  of  droplet  vaporization  rate  enhancement 

CAUSED  BY  ACOUSTIC  DISTURBANCES 

T.  J.  Anderson  and  M.  Winter 
United  Technologies  Research  Center 
East  Hartford,  Connecticut  06108 


Abstract 

the  pcesence  of  acoustic  fiolOswhic  bowieon  a^bcillical  droplot  vapoffzation  and  acoustic 

have  been  developed  to  describe  the  mteractio^  b^n  su^i^  ^  ^  supercritical 

r»lds  in  the  surrounding  9ase^  ^  jjv.  ~ h~  the  injeoted  fluid  is 
rSC—  S^arTr  ieeTUed“"because  of  the  lacK  of  diagnosf.  technigues 
capable  of  providing  quantitative  results. 

Recently  however,  extremely  accurate  vaporization  rate  measurements 

eCa^a^on'^atjt^?^^^^  Sate^lIesTI^suKii  MDR-facq'Il^lL  frfm  simliSjS 

“.r  A  Le«ne  ir^n^nt  was  also  made  using  a  non- 

eva^rative  fluid  under  similar  Weber  and  Reynolds  number  conditions. 

Th«  MDR  technioue  employed  for  these  measurements  is  explained  and  the  facilities  are 
described  tTsv^S  Ssurement  results  are  shown  and  the  rates  observed  from  different 
droplet  materials  and  different  wave  strengths  are  compared. 


Introduction 


Acoustic  instabilities  within  the  combustor  have  been  a  concern  ever  since  °J 

5 ,rr=iT = =.-ir. 

waves  leading  to  the  instability. 

Theoretical  models  have  been  generated  to  describe  the  evaporation  processes  for  sph^'V- 

srnrc  Ltd^r  o. r 

rlfrlTurof  rSr-3  S-:?uo'’Storp^olT<-spsndent  rasonancas  (MOR’s,  to 
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accurately  and  instantly  measure  droplet  sizes.  Resets  were  acquired  in  a  phased  time  sequence  to 
determine  evaporation  rate  in  a  repeatable  flow  field. 


Measurements  have  now  been  made  at  additional  condHions  in  order  to  validate  the 
measurement  results.  This  was  done  to  alleviate  concerns  that  the  original  results  reflected  eff^ts 
other  than  evaporation;  for  example,  droplet  distortion.  The  results  include  measurements  in  *  weaker 
flow  field  and  measurements  using  a  relatively  non-evaporative  fluid.  They  tend  to  support  the  initial 

measurement  results. 


Experiment 

The  experiment  was  designed  to  make  measurements  of  droplet  evaporation  behind  a  weak 
shock  wave  where  a  nearly  uniform  velocity  field  was  instantaneously  introduced  and  the  resulting 
affect  on  evaporation  of  droplets  in  a  stream  could  be  measured.  MDR's.  or  morphology-de^ndent 
resonances,  provides  a  means  of  making  very  accurate  droplet  diameter  measurements  and.  as  a 
result  can  be  used  for  measuring  evaporation  rate.  The  technique,  descnbed  in  more  detail  in  ref  4 
and  5.  can  be  implemented  using  a  high-power  short-pulsed  Nd:YAG  laser,  frequency-doubled  to  532 


Droplet 


Droplet  diameter  change  from: 


Fig.  1.  Diagram  of  MDR  frequency  modes  before  and  after  a  droplet  diameter  change.  The 
vertical  lines  above  the  frequency  (v)  axis  represent  the  locations  of  MDR  peaks  for  a 
droplet  of  initial  diameter,  d,.  The  vertical  lines  below  the  axis  show  the  mode  spacing 
increase  and  resulting  mode  shift  caused  by  a  slight  decrease  in  droplet  diameter. 
Droplet  diameter  can  be  determined  from  mode  spacing  (Avp)  before  and  after 
evaporation  and  diameter  change  can  be  determined  using  eqn.  (a).  A  more  ,  accurate 
measurement  of  change  in  droplet  diameter  can  be  made  by  observing  the  shift  of  a  high 
order  mode  (Avt)  and  using  eqn.  (b). 
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_ _ _  riissolved  in  the  droplet  medium.  Fluorescence  emitted 

nm.  to  generate  ®  i-cidence  angles  is  constrained  to  the  Inside  of  the  droplet 

near  the  droplet  surtax  and  amplified  through  stimulated  emission.  Peaks  In  the 

circumference. 


It  «  no<«ibie  to  determine  the  droplet  diameter  from  the  peak  spacing  In  the  dispersed  MDR 

spectrum  as  sho«m  in  Thisjigure 

r  “rrcr..--"  - 


Fig.  2. 


Experimental  setup.  The  droplet  stream  is  projected  through  f 

laminated  with  thT  laser,  timed  With  the  passage  of  a  shock  wave.  The  MDR  emissions  are 

acquired  with  an  intensified  camera  and  dispersed  in  a  spectrometer. 


..  .r  ’-rr r~;:r  rr  t  s:::2rf ;n 

rrr '^1X5  rr  r 

“iri  -rSSSSE? 

was  us«l  because  of  the  low  solubility  of  590  dye  in  that  medium.  The  Nd.YAG  laser  pulses  were 


E4 


In  duration  oroviding  measuranents  that  were  virtually  iastantanaous  with  laapact  to  any  fluid 
^SafSing  o^«rvad  Tha  lasar  baatn  was  locusad  to  iliuminata  only  one  droplet  in  the  stream, 
providing  a  measurement  from  that  droplet  alone. 

Fluorescence  from  the  droplets  was  imaged  on  the  slit  of  a  spectrometer  with  a  2-D  Vidicon 
detector  The  spectrometer  had  a  dispersion  of  .275  cm-Vchannel  and  was  tuned  to  the  fluorescence 
envelope  of  the  dye  in  use.  Using  an  estimated  resolution  of  2  cm'Vchannel  based  on  ol^rved 
and  considering  the  spectral  locations  of  the  dyes  employed,  mode  spacing  iroaswements  were 
n  r^ToWint  droplet  Sneters  to  within  approximately  3  pm.  The  mode  ^rft 
resolving  dlam^r  changes  down  to  0.008  pm  and  up  to  0.2  prn  y^re  the  m^e  shift 
soacina^  Beyond  this  point,  the  order  of  the  mode  being  observed  becomes  ambiguoiK.  In  order  to  m^e 
dimeter  Singe  measurements,  one  must  acquire  MDR’s  at  intervals  sufficiently  small  that  mode 
shifts  are  considerably  less  than  the  mode  spacing.  In  this  way  one  c^  track  t^ 

Sift  ex^tlnds  over  the  mode  spacing.  One  should  note  that  the  resolution  limits  descried  above  are 
SL  oTthi  spectrometer  resolution.  In  reality,  this  is  degraded  by  the  width  of  the  MDR  peaks 

and  noise  In  the  laser  dye  spectrum  and  in  the  detector  system. 


Results 

Initial  measurements  were  made  on  60-70  pm  droplets  in  the  generator  stream  in  quiescent 
room  air  MDR’s  observed  at  one  location  In  the  droplet  stream  indicated  that  the  droptets  were  qurte 
repeatable,  remaining  constant  to  within  approximately  0.01  pm.  Evaporati^of  the 
drSlets  was  observed  by  acquiring  MDR’s  at  various  heights  in  the  stream.  Measurements  of  both 
ir^anol  aitd  water  droptets  showed  mode  shifts  to  shorter  wavelength  lower  in  th  f 
modes  could  be  accommodated  in  the  droplets  of  decreasing  circumference.  Fig.  3  shows  MDRs 
acquired  for  droplets  of  both  fluids  and  demonstrates  the  relatively  low  volatility  of  water  when 

compared  to  methanol. 

Fio  4  plots  the  rate  of  droplet  diameter  change  determined  from  these  MDR  measurements. 
The  measured  evaporation  rate  for  methanol  is  about  13  times  that  of  water  andthis  r®®^  s®^® 
reasonably  close  to  the  ratio  of  vapor  pressures  of  18  under  room  air  conditions.  Th 
observed  for  both  fluids  is  a  consequence  of  the  small  percentage  change  in  f 

noted  that  the  observed  evaporation  rates  do  not  represent  the  rates  for  single  droptets  inoving  through 
dry  air.  Since  the  droptets  are  in  a  stream,  the  air  flow  around  each  droplet  is  r^uced  by  the  wake 
v2ocity  In  addition,  the  stream  was  enclosed  in  a  windowed  section  of  a  shock  tube  in  order  to  reduw 
dS^ncSslo  the  settoerdiog  av  mass.  This  intireased  the  partial  pressem  el  the  surreundthg 
evaporated  vapor  and.  thus,  reduced  the  evaporation  rate  that  was  measured. 

Three  series  of  measurements  behind  weak  shock  waves  were  run  for  the  two  droplet  fluids 
and  two  flow  conditions.  The  flow  conditions  are  described  in  Table  I  and  were 
shock  relations  based  on  pressure  ratios  selected  for  these  measurements.  These  j^® 

observed  in  the  quiescent  gas  measurements  described  above.  Evaporatoon  was  obwrved  for  inethanol 
droplets  under  each  of  these  conditions  and  for  water  droplets  under  all  but  the  we^er  wave  “"dition 
Methanol  droplets  in  the  strong  wave  flow  were  the  first  measurements  to  be  conducted  and 
measurements  in  the  weak  wave  flow  and  the  water  droplet  measurernents  J  ® 

validating  these  early  measurements.  The  measurements  acquired  in  the  weaker  shock  condition 
provided  a  case  in  which  the  velocity  is  significantly  lower  than  the  strong  wave  conditions  and  reduced 
evaporation  was  expected.  Measurements  in  water  droplets  were  elected  to  provtee  a 
evaporative  condition  due  to  the  significant  difference  in  volatilities  and  provided  a  baseline 

measurement  for  comparison. 

To  provide  a  valid  comparison  for  methanol  measurements  and  the  water  baseHne.  it  was 
necessary  to  generate  conditions  vrith  nearly  equivalent  conditions  of  Weber  number.  Reynolds  number 
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Normalized  Intensity 


:ia  3  MDR  shifts  in  droplets  in  a  stream.  Height  in  the  stream  is  shown  in  droplet  diameters 
fTan  arbitrary  bcalion  below  the  droplet  generator.  The  shift  ind.cates  the  chan^ 
in  diameter  as  the  droplet  evaporates.  MDR’s  from  methanol  droplets  are  on  the  left 
and  water  droplets  on  the  right. 


,a.^.  «  was  ..an.  .ha.  .|w  o^h^ns^.- 

nearty  matched  those  for  water  ^P  ®  variables  establishes  similar  conditions  of 

s‘«:;ard.:;r^  ™  >" »« c- > 

shock  wave. 

Quiescent  air 
Weaker  shock  wave 
Stronger  shock  wave 

a-  „n  «f  nroecure  Dulse  conditions  at  which  evaporation  measurements  were  made. 

S^s  ,n.  Je  -bb -'^'raTSaSr"  — 1,r'S 

droplets,  respectively. 


Fig.  4. 


Evaporation  rates  observed  for  droplets  of  methanol  and  water  in  a  stream. 


The  measurements  were  made  in  a  shock  tube  as  shown  in  Fig.  2.  The  wave  strei^  w^ 
rd^n..yTte  toca.ion  of  .he  peaks  .or  dreple.  diame.er  cak:.la.ion  belore  wave  passage.  The  was 


El 


compared  with  the  spectrum  acquired  after  wave  passage  so 
change  in  diameter  due  to  evaporation  could  be  determined. 


that  the  shift  In  MDR  peaks  and.  thus,  the 


Droplet 

Fluid 

Droplet 

Dia.  (pm) 

We 

Re 

Weri^e 

*  r  _ 

1.1 

1.2 

1.2 

Methanol 

Methanol 

Water 

70 

70 

70 

1.7 

6.4 

2.4 

3.3 

6.4 

3.8 

.51 

1.00 

.62 

Table  II.  Weber  and  Reynolds  number  comparisons  for  the  three  test  conditions  using  weak  shock 
waves. 


The  results  tor  the  three  different  cases  are  plotted  In  Fig.  S  along  with  the  «va^i^ 

‘shift!  gresjer  -Han  ja.n^  L^ure^^toTnina  V^Tn' 2! 

charactenst^  are  r^Jt  „  ,^„dtioe  the  shook  wa.es  at  exactly-  the 

“!f  ,  ^  ^rre^reents  Muld  !ot  he  acquired  beyond  the  short  initial 

nght  wave  strength.  repeataWy.  .  Images  of  the  droplets  acquired 

^r^SL’i^'sly  w^h'^Xw!  ?thie  extended  lime  deiays  indicated  that,  wl^the  K"* 

!elScal  regime  fe  the  fact  that  the  theoiy  is  not  yet  mature  enough  to  describe  the  relaboitshtp 
between  the  MDR  spectrum  and  droplet  volume. 


Fig.  5. 


Methanol  and  water  droplet  diameter  changes  measured  shortly  after  shock  wave  Pfss  9 
usino  MDR’s  Pr  =  1.0  identifies  measurements  taken  in  the  droplet  stream  in  quiescent 
gas.^  Arrows  indicate  mean  slope  for  each  case  in  the  region  of  6  psec  after  shock  wave 
passage.  Values  for  these  slopes  are  given  to  the  right. 
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Conclusions 


Despite  the  shoh  period  doriog  which  measutemeots  could  bo  .t»^.  <1“^““'';'® 

,et<«  were  acquired  echa^  b,  a 

STctMO^^MO  for  methScl'and  water  drcSL,  respectively.  WtHe  methaccl  ev^^i^v^ 
t3  times  that  of  water  droplets  in  the  quiescom  condition,  it  is  approximately  21  tunes  higher  twhmd 
li  iTotiuie  “to  ZZe.  While  the  evaporation  does  not  scale  equally  lor  the  two  Ouids  » 

conditions  change,  this  Is  to  be  expected  since  hMt 

heat  capacity  and  heat  of  vaporization  have  not  been  considered  at  this  PO'"*-  J'’® 

however^ that  the  MDR  technique  is  providing  a  measure  of  droplet  ..  ®  .  ^ 

for  these  measurement  conditions.  The  MOR's  are  providing  a  true  measure  of  droplet  diameter  and  the 

evaporation  rates  are  being  determined. 

These  measurements  provide  a  description  of  the  initial  interaction  betw^n  a  droplet  and  an 
acoustic  wave  The  short-time  behavior  shows  significant  enhancement  of  vaporization  rates. 

initfol  times,  the  droplet  begins  to  accelerate  in  the  surrounding  flow  field  and  the  veloaty  field 
driving  the  vaporization  enhancement  is  relaxed.  Therefore,  the  initial  lime  , 

for  vaporization  enhancement.  Furthermore,  from  a  rocket  stability  standpoint.  ^  ^  . 

vaporization  enhancement  is  also  important  These  data  can  serve  as  a  guide  to  modeling  ^roplet  / 
Rustic  wave  interactions  and  the  associated  coupling  of  vaporization  as  a  mechanism  in  liquid-fue 

rocket  instabilities. 


Nomenclature 


d  E  droplet  diameter 

Ad  =  change  in  diameter 

m  =  refractive  index  ratio  (droplet  liquid  to  air) 
n  =  MDR  integral  mode  number 

X  «=  MDR  mode  number 

AX  *=  mode  number  difference  between  adjacent  modes 
n  =  spectral  frequency  (cm*'') 

An^  =  frequency  difference  between  adjacent  modes 

Ant  =  change  in  frequency  with  time 

Pf  =  pressure  ratio  across  the  shock 

T,  =  temperature  ratio  across  the  shock 

R9  s  Reynolds  number 

V\fe  =  Weber  number 
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LIQUID  STABILITY  MECHANISMS  PROGRAM  SUMMARY* 
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Pratt  &  Whitney/Government  Engines  &  Space  Propulsion 
West  Palm  Beach,  Florida  33410-9600 


ABSTRACT 

(acoustic)  instability  is  descnbed  at  subScal  and  eventually  supercritical  conditions.  Program 

of  LtS^nt  fluids  for  the  experimental 

effort  are  described  in  detail. 

INTRODUCTION 

combp.0on  teubffi.,  h,  liquid  p,op.ll».  ^ 

grams.  Despite  advances  in  understanding  and  m^e  8^^  unstable  operation  is  still  encountered.  Acoustic  combustion  insta- 
designing  injectors  and  combustion  systems  to  S  rwketXinL  development  is  imminent  The  effects 

bility  thus  continues  to  be  an  issue,  f  engLs  will  operate  at  high  cham- 

of  operation  at  supercritical  pressures  on  combusti  .  combustion  instability  and  to  identify  remedies  when  instability 

b„  g„,.u,d.  EITom ..  uudd,^  luiublllfc  »«.  =ur™. 

ru.h„  1-I-v.ub.g  dieu 

formance  liquid  rocket  engmes  without  much  ot  tne  ra^y  techniaues  now  make  possible  the  investigauon  of  many 

PROGRAM  DESCRIPTION 

The  program  includes  the  follo\ving  technical  efforts: 

1.  Selection  and  verification  of  combustion  processes  having  the  potential  for  participaUon  in  instability 
mechanisms. 

2.  Development  of  appropriate  test  hardware  and  performance  of  experimental  investigation  of  insubility 
mechanisms. 

3.  Verification  of  the  applicability  of  the  mechanisms  via  comparison  with  analytical  models  and  the  available 
data  base. 

4.  Development  of  plans  for  continued  effort  to  incorporate  test  results  into  subility  models,  continued  test- 
ing  of  additional  mechanisms,  and  resolving  any  remaining  issues. 

The  program  schedule.  Fig.  I ,  shows  the  activity  planned  for  each  portion  of  the  effort 

The  first  effort  was  the  identification  and  selection  of  processes  for  study,  and  has  been  completed. 

r^mpthmfnt  Sll  SkTS ^s^f  f"ch  app^SlyC^ 

Sif .IS  ssau'^otssrrbj'^ssffi  s  .r r'ot-’K-™  «h.du^  <«• — >“•' 

been  no  unresolvabie  difTiculties. 


*  This  program  is  fu^ided  under  Phillips  Laboratory  contract  F046 11-89-0-0088;  Dr.  J.  N.  Uvine  is  the  contract  manager. 
'Approved  for  public  release;  distribution  is  unlimited." 
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Fig.  1.  Liquid  Stability  Mechanisms  Program  Schedule 


EXPEHMBir 


THEORY 


Fig.  2.  Division  of  Efforts 


The  third  effort  is  data  verification  using  appropriate  correlations,  sub-models,  and  models.  Accomplishment  will  take 
twenty-six  calendar  months,  of  which  about  sixteen  remain.  This  task  overlaps  the  experimental  effort,  since  experimental  data  will 
become  available  well  before  the  end  of  that  effort.  Also,  analytical  models  may  need  revision  for  relevan^  to  liquid  rocket  engine 
conditions  The  last  is  formulation  of  the  plan  for  future  effort  in  the  area  of  liquid  stability  mechanisms.  Accomplishment  will  take 
three  months.  Completion  of  this  task  signifies  completion  of  the  Liquid  Stability  Mechanisms  program. 
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TECHNICAL  EFFORT 

TO  tow™,  u»  .«n«  u».  ^  oo=u,*g  .0  pm  otoonb««lop,  mP  U»»  Om  m  oo^ain,  «  pm  ot  oo,nb»o..on 

instability,  the  following  definitions  are  suggested: 

perature,  pressure,  environment,  or  chemical  composition. 

Example:  The  vaporization  process  is  the  sequence  of  events  wWch  ch^es  a  propeUant  from  the 
liquid^ase  to  a  g^eous  phase  through  the  addiUon  of  heat  to  the  liquid  phase. 

Morhanism-  The  seouence  of  events  by  which  a  pressure  or  velocity  perturbation  produces  a  corr^ 
sponding  Change  in  some  process  that  eventually  results  in  a  change  in  the  instantaneous  energy  release 
rate,  and  hence  may  participate  in  an  instability. 

Example-  The  vaporization  mechanism  is  the  sequence  of  events  by  which  a 
^rturbltion  produces  a  change  in  the  rate  at  which  a  propellant  changes  from  a  liquid  phase 

gaseous  phase. 

By  the  above  definiUons,  a  combustion  process  ‘^'^X^nVSStion  iSbmtf^^ 

IDENTIFICATION  AND  SELECTION  OF  MECHANISMS  FOR  STUDY  (TASK  1) 

A,  in  Bg.  1,  u-  .frm  »  Sgpmnb.,  |M.  Tte 

of  a  candidate  mechanism  list  and  a  preluriinary  ^  ^  derived  candidate  mechanism  list,  droplet  vaporization  and  sec- 

potential  interest,  the  available  program  resources  do  not  permit  mvesugation  of  all  the  Candida  . 

probably  is  not  a  rate  controlling  pro^ss  in  terms  ’  Greater  understanding  is  needed  in  the  breakup  of  the  larger 

atomization  process,  there  is  substanual  impact  on  ronditions  For  example  strong  pressure/velocity  disturbances  can 

liquid  propellant  droplets  in  bo  A  breakup  thereby  changing  the  droplet  size  distribution  and  injector 

affect  the  atomization  process  by  accelerating  the  rate  of  droplet  bre^^up  ^reoy  cn^g^^  f  addition,  the  wave  may 

spray  pattern.  The  altered  ^  the  fuel  ^d^^dizer  mixture  distribution.  Changes  in  droplet  size, 

be  of  sufficient  strength  to  displace  the  spray  thereby  dist  S  ^uanopc  in  ^natial  enerev  release  patterns.  The  literature  supports 
vaporization  rates  and  Grwne\^T(R^  5)  and  Ingebo  (Ref.  6)  studied  atomization  and  its  effects  on  the  subiliiy 

rr^c^LfeS™^  ^ 

oscillations. 

ET==SHtS,S;^sc.-=K--K-“-“”^ 

Greater  understanding  is  needed  of  the  vaporization  of  droplets  under  non-oscillatory  and  oscillatory  conditions.  In  these 
cases,  ?pS  JconSdon  for  high  density  sprays  and  the  high  temperature,  high  pressure  environments  is  needed. 

EXPERIMENTAL  INVESTIGATION  OF  MECHANISMS  (TASK  2) 
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D,.p«  o,  xr.?is 

generator  types  will  be  used,  nmtotvoe  droD  eenerator  for  high  pressure  applications,  for  use  at  UCl,  built  by  John 

SrL‘^eromuW  SrAss^a^eS^  assembled,  and  the  mquired  power  amplifier  ;md  filter  have  been  acquired.  Other  generator 
wn^pu  Sclude:  1)  fspeaker- actuated  drop-on-demand  type,  and  2)  a  Peterson-type  drop  generator. 


Fig-  3.  Pulse  Tube  Concept 


The  questions  to  be  answered  during  the  experimental  investigations  are  primarily: 

•  What  effect  does  a  perturbation  have  on  secondary  atomization  and  vaporization? 

•  Is  the  magnitude  of  the  effect  sufficient  to  produce  instability? 

•  Can  this  effect  be  detected  directly  in  the  experimental  environment? 

•  What  will  the  output  be  and  how  will  it  be  related  to  instability? 


UTRC  is  conducting  its  study  according  to  the  following  main  steps: 

•  Design  and  development  of  shock  tube  facility 

•  Development  testing  at  sub-  and  supercritical  conditions 

•  Single  drop  testing  at  sub-  and  supercritical  conditions 

•  Droplet  array  testing  at  sub-  and  supercritical  conditions 

The  first  two  steps  includes  the  evaluation  of  system  components  for  high  pressure  application  and  integrated  system  testing. 
The  components  to  be  evaluated  include  the  pulse-generation  method  and  the  drop/array  generator.  Development  testii^  of  the  en- 
dre  nVrs  ^ound  th^  hardware  and  diagnostic  idiosyncrasies  as  well  as  verification  of  the  measurement  techniques  and 

simulant  nui?s  at  both  sub-  and  supercritical  pressures.  Event  timing,  leak  testing,  spatial  and  teinporal  resolution, 
arT^l  taportan^  Also  of  imporlaTce  is  the  effect  that  the  pulse  has  on  the  me^uremenl  of  droplet  vaporization,  ..e,,  deformation 
and  subsequent  breakup  may  occur  before  the  vaporization  rate  can  be  quantified. 

Once  development  testing  is  accomplished,  data  can  be  acquired  for  a  specified  test  matrix  using  single  drops  and  arrays  of 
drops  A  range  ofeonditions  and  proper  simulants  will  be  tested  at  both  sub-  and  supercritical  conditions.  The  relative  effect  of  the 
pul.w  on  the  v^orizaiion  response  must  be  obtained  by  testing  under  identical  situauons  both  with  and  without  the  pulse. 

uers  secondary  atomization  lest  plan  can  be  divided  into  similar  steps.  The  initial  work  focused  on  the  design  and  fabrication 
of  the  shock  tube  drop  generator,  and  support  equipment;  testing  of  the  fabricated  components  and  the  '”^®Sraled  system,  and  de¬ 
velopment  and  ve’rific^on  of  the  diagnostic  techniques.  Selection  of  the  pulse  method  is  also  important.  Miscellaneous  require¬ 
ment  include,  but  are  not  limited  to,  leak  testing,  safety  and  cleanup  evaluation,  and  control  system  integration. 

After  the  developmental  design,  fabrication  and  testing,  the  demonstration  and  production  testing  of  ^e  «ngle 
drop/siream/array  relatiw  to  a  pulse  tin  be  accomplished.  The  characterization  of  the  secondary  atomization  mechanism  will  occur 
at  subcritical  and  supercritical  pressures  using  a  realistic  range  of  conditions  and  fiuids. 


DROPLET  DEFORMATION 

After  mutuaf  consultation  between  P&W,  UCI,  and  UTRC,  it  has  been  decided  that  a  coinmon  definition  of  *e  droplet 
breakup  time  needs  to  be  established.  A  review  of  past  work  on  droplet  breakup  has  produced  a  wide  array  of  trentk.  Fig.  4,  and 
U  ^hnke"rfhal  fs  fresult  of  differing  definitions  of  the  lime  it  takes  for  the  droplet  to  begin  its  breakup,  ’^^refo^ 
breakup  time  wfil  be  defined  for  this  program  as  the  time  when  the  drop  begins  lo  lose  its  ^melry  in  P’“®  ° 

ihrrelalive  vetociirveSor  of  the  pulse.  Fig.  5.  As  shown  by  Fig.  5,  the  breakup  time  is  referenced  to  Uie  instant  the  shock  wave 
passes  the  drop  (i  e  t  =  0  is  when  the  wave  passes  the  droplet,  and  the  breakup  lime  is  when  the  droplet  begins  to  disior^. 

"Lwntha'?  i:;henever  thHrop  begins  to'distort  as  sho'wn  in  Fig.  5  breakup  usually  based  on  the  de¬ 

velopment  testing  described  in  the  foUowing  sections;  however,  it  may  be  reconsidered  based  on  subsequent  results. 
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Normalized  Time  lo  Breakup,  tU/fo  \/Pg7^ 


Tiinc  =  0 


Tinic  =  Breakup  time 


Fig.  5.  Droplet  Distortion  Asymmetry 
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VAPORIZATION  (UTRC) 

,  .Ko  vannrWation  rate  of  a  sinzle  droplet  under  conditions  which  model  acoustic  wave/drop  inter- 

wRr&  »» r.r.o’S*  * 

testing^of  the  subcritical-condition  techniques  has  been  accomplished  to  date. 

Morphology- Dependent  Resonance  (MDR). 

tored  through  corresponding  changes  in  output  light  wavelength. 

i^SSSS^SE-SrS-S^iSai's 

is  seeded  with  a  gas  phase  fluorescent  compound. 

As  part  of  the  development  and  verification  testing,  UTRC  has  allocated  the  required  equipment  and  has  begun  to  obtain  ini- 
tial  MDR  results.  These  are  described  by  Winter  and  Anderson  in  Ref.  1. 

SECONDARY  ATOMIZATION  (UCI) 

Secondarv  atomization  is  an  indirect  instability  mechanism  which  couples  with  vaporization  by  generating 
r  .u  mn^i  rfrnn  Thpcp  Smaller  dronlets  not  only  increase  the  liquid  surface  area  available  for  combustion,  they  also  tend  to 
S  of^  o^u  f^^w  ^  the  reacting  component  spatially.  In  UCI's  expermental  contribuuon  to 

experimental  equipment 

Tn  nualitativelv  caoture  the  phenomena  of  droplet  deformation,  breakup  mode,  and  figment  and  surface  wave  formation, 
u  r«nntr  nhfttocrranhv  is  believed  best  suited  Stroboscopic  photography  combined  with  digital  im^e  prooessmg  and  symme  y 

among  drops^at  different  times  occurs,  a  high  speed  framing  camera  may  be  used  to  record  the  evenu 

Critical  to  the  selection  of  a  suiuble  light  source  is  the  fact  that  it  must  be  capable  of  resolving  down  to  tens  of 
Due  to  its  hieh  power  (for  photographic  illumination)  and  lower  pulse  width  (to  reduce  image  smearing),  the  Mpper 
^h^sen  «  the  requhed  light  soura.  The  other  critical  component  of  the  necessary  diagnostic  equipment  is  the 
scooe  Various  Liple  experiments  were  performed  with  the  components  using  borrowed  equipment,  and 

providing  an  independent  means  of  sizing  the  droplets  is  being  mvesUgated. 

SIMULANT  FLUID  STUDY  (P&W) 

In  cnnnnrt  nf  the  exnerimental  investication,  P&W  conducted  a  parallel  evaluation  of  simulant  fluid  properties  and  condiuons 
which  coZ’^^^  ^^  ttuXSng^^^^^^  environments.  Contained  in  the  following  paragraphs  is  a  description  of  the  a^ 

Tual  rockrchanl^  c^ndVtions  to  be  modelled  as  ^11  as  the  corresponding  range  of  engine  configurations 

be  matched  and  the  method  of  selecting  the  proper  combinations  of  the  fluids  investigate  are  discussed.  The  results  of  the  study  for 
^e^Sr^ge  of  Sfions  are  also  included  for  consultation  by  UCI  and  UTRC  when  selecung  a  test  matrix. 

Enzine  Conditions.  ExperimenUl  modelling  of  the  spray/combustion  proass  insiite  a  high  Pf«sjure  wket^wmbjjst^^^^ 
rharrthpr  ic  Hifncult  dus  to  ihc  cxtreme  temperature  and  turbulent  conditions  which  exist.  Under  non-combustion  conditions,  the 
^ran  ^rSt  S.  do  is  S  «rt^Xd  properties  and  non-dimensional  parameters  that  occur  in  the  real  process  A  ina- 
ioritv  of  the  past  studies  done  on  liquid  propellant  injectors  were  designed  such  that  cold  flow  den«ties,  velociues,  etc.  bracketed 
their^ot  flow  countemarts  over  a  specified  range.  Correlations  derived  from  such  studies  are  useful  tools.  However,  if  *e  partis 
E  paraJletor  SS^^  the  real  conditions  has  not  been  tested,  extrapolation  of 

Therefore  the  investigation  presented  herein  attempu  to  cover  a  range  of  possible  engine  parametCTS  while  matching  as  “ 

possible  the  combinaLns  wteh  are  expected.  Included  in  the  following  discussion  is  a  summary  of  the  engmes  selected  to  be  mod- 
died  and  the  corresponding  chamber  conditions. 

Enzine  Selection  A  number  of  possible  rocket  engine  configurations  can  be  selected  to  cover  a  range  of  chamber  conditions 
orooelianK  and  ihiecTor  types.  Table  1.  The  range  covers  possible  chamber  pressures  from  sub-  to  sufrercritical  »  well  as  different 
mjector  types.  Coaxial  inj^ors  represent  the  gas/liquid  category,  while  impinging-type  injectors  cover  liquid/liquid  configuration  . 
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Table  1.  Engine  Configurations  Chosen  to  Model 


Engine 

P(~MPa 

Cpsta) 

Mixture  Ratio 

Thrust-kN 

(lb,) 

Injector 

STE  -  LOX/Hi 

15.8 

(23001 

6.94 

2580 

(.580k) 

Coaxial 

STE  -  LOX/CHr 

13.8 

(2000) 

3.50 

2580 

(.580k) 

_ _ _ 

Coaxial 

or 

Impinging 

LOX/Mi  Preburner 

37.9 

(5.500) 

1.03 

... 

Coaxial 

RLIO-  LOX/H2 

4.25 

(616) 

.S.80 

98 

(22k) 

Coaxial 

F-1  -  RP-l/LOX 

6.76 

(980) 

2.27 

6670 

(1.500k) 

Impinging 

Monopropcllant- 

Hvdrazine 

3.45 

(.500) 

... 

(Low) 

Both  booster  and  tipper  stage  engines  are  represented  *  P  Transportation  Engine  (STE)  and  the  entire  Na- 

are  of  liquid  oxygen.  Tte  most  current  ^P*'^v‘)ch!  STE  is  of  particular  interest  because  the  conditions  best  represent  *e  “i^- 

‘S£rr.r  l  i.., 

injector /combustion  chambers  as  a  target. 

OP.,  .h.  d«i,«i  «gip..  .0  te  .^''rS'w 

so  that  proper  cold  flow  studies  can  conceived.  ^  ^  properties  can  be  set  up  such  that  the  injected  conditions 

ditions  and  chamber  properties  are  re  auvely  ®™p!®  ,  h  the  dei^ity  ^d  pressure  of  the  combustion  products.  However, 

are  matched,  and  the  chamber  conditions  can  be  chosen  m  match  the  (tensity  pres  combustion  species,  or  a  combination 

of^'S'e  ma  ‘  Hen^^rtl^^^^  'ilumptions  are  built  into  the  simulant  fluid  investigation  to  comply  with  the  conflicting 

extremes. 

other  corresponds  to  the  predicted  combusuon  gas  properties  in  the  chamber. 

Two  different  assumptions  can  be  made  fhf  ftoe^em^^^ 

ambient  species  are  at  the  average  “  -Xt  T.  of  1 10 1  (200'’R)  and  a  typical  LOX/H2  flame  temperature 

defined  the  surrounding  temperature  as  such  (Re^- ^).  For  ^  ,  ’  supported  by  the  data  acquired  by  Boyl^ 

of3720  K(6700»R),  the  average  temperature  would  be  1920  K  (3450  R).  l  he  results  a  ^  ,  d 

and  O'Hara.  (Ref.  16).  Their  Tteretorrcombuslion  gas  temperature  of  1940  K  (3500”R)  will  be 

nSr"a  S5le\rrS,XS  wLre  nea^  the  point  of  injectio’n  since  either  set  of  assumptions  leads  to  essentially  the  same 

result. 

When  combusting  and  supercritic^  conditions  are  ^  jhe  dratitj^^scosttyfOTd^surface  tension  of  aLOX 

additional  point  of  interest  is  when  the  LOX  f  L  "nditions  represenutive  of  LOX  L  well  as  other  possible  rockrt 

drop  varies  quite  radic^y  with  tem^rature.  Ji  evident  in  the  table.  Therefore  two  liquid  oxygen  conditions  will  be 

chamber  fluids.  The  differences  in  the  two  LOX  near-saturated  properties.  On  a  similar  note,  the  recent 

S"? ihruSyTcoS  foTcombustion  Research  also  considers  the  variability  in  LOX  conditions  (Ref.  17). 

The  possible  combinations  of  chamber  g^  and  P^?'fQ^*^d*Tnj'e^d^c1^ irnot*Sd^'ed1n”Table  111;  the  available 
to  the  program  are  considered. 
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Table  JL  Physical  Properties  of  Liquid  Rocket  Propellants 


Saturated  LOX 


Hydrazine 


p,-kg/m’ 

(IbmIfV) 

c 

(dync/cm) 

(jxl0‘-kg/m-s 

(Ibm/ft-s) 

T„-K 

(•R) 

1153 

12.1 

2.20 

5.07 

155 

(72) 

(1.48) 

(736) 

(279) 

850 

-1.0 

0.67 

5.07 

155 

(53) 

(0.45) 

(736) 

(279) 

320 

14.2 

0.42 

4.60 

191 

(20) 

(0.28) 

(667) 

(344) 

800 

23.0 

16.1 

2.17 

677 

(50) 

(10.88) 

(315) 

(1218) 

1010 

91.5 

9.08 

14.72 

653 

(63) 

(6.10) 

(2135) 

(1176) 

Table  III.  Physical  Properties  of  Gas  Ambient  to  Droplet 


Pt-kg/m^ 

(Ibm/ft^) 


Inj  LOX-Inj  H: 


Ini  LOX-Comb  14.7 
(0.92) 


Sat  LOX-Comb  14.7 
(0.92) 


Ini  LOX-Comb  18.6 
(1.16) 


LOX/CH.  Sat  LOX-Comb  18.6 

(Mb) 


LOXflh 

Prebumcr 


RLIO 


/ixIO'-kg/m-s  Tj-K 

(Ibm/ft-s)  (‘R) 


Ini  LOX-Comb  16.3 
^  (1.02) 


Inj  LOX-Inj 


LOX/H,  Ini  LOX-Comb  ^M^7^ 


Simulation  of  Engine  Conditions.  ihe  engine  chamber 

and  a  supercritical  phase.  A  comparison  between  ^e  c  q  njjngjpje  TOnfigurations  operate  in  the  supercritical  regime, 

pressures'^  given  in  Table  1  leads  to  the  toee  of  ^  suggested.  The  subcritical.  cold  flow 

To  allow  a  wide  range  of  parameters  to  be  tested  in  P  .  ’  ,  nressures  which  are  below  the  simulant  liquids  critical 

ph^  »ill  '£•  ttUur.  J.  delptiiflnrf.  The  pb»«  »al  tavoW 

«.!  5..  PPMuPlon  ot  U,  Pngine  =rt»Cbl 

TP,  »b-  ^  .«pPr»M  tol*  «ll  b.  1..^  «  >  P'j!*  SC'S"™!  oS 


F.,  anplicl.,,  ».I.F,CU»„P>.,  ...ilpbilKy,  ;”J 

be  .lU»r  hebum.  pI»o|«.  o,  .  b,ix.».  “Sf S.S  i  ihVeSibon  I  Pukl  „  ota  « 
Kle*  .reSlS™  gt  S’.SS'i’X;??r.=U.  Tbe  e.l«.i»  '.f  J.  propee  P-«F»ee  »d/.,  »  pree«.«l  1"  >b. 

following  secbons.  as  are  the  signiricant  parameters  and  simulant  fluid  combinations. 

Parameter  M«eUti.,  Nomeombustlng,  cold  llow  esperitumtu  can  be  us^  m  mtj.l  uTS  MoETt 


1 .  Liquid  droplet  Diameter  (D) 

2.  Liquid  surface  tension  (tr) 


3.  Liquid  viscosity  (fi^) 

4.  Liquid  to  gas  density  ratio  (p^/Pg) 

5.  Critical  pressure  ratio,  or  reduced  pressure  (Pc/Pcr) 


6.  Droplet  Reynolds  number  (Re) 

7p  Droplet  Weber  number  (We) 

slry  t,^;£  ?u“!S  W  » 

to 5-S?r.  rs«  eS^tSu  rta5.Sr?Sse  .ypes  of  wEts  em.  £  produc«i  by  placmg  mbttbiy.sbaped  eonieal  bweru  ut.o 
the  driver  section,  as  in  Ref.  31. 
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Fig.  7.  Typical  Sleep-Fronted  Wave  (Ref.  31) 


or  the  seven  chosen  parameters,  certain  combinations  are  more  important  depending  on  whjch  s**’l'**‘y 
investigate  Trseconto^at^izaUon  mechanism  requires  accurate  simulation  of  droplet  viscosity 
iatio  because  each  is  cruciJ  to  droplet  breakup.  On  the  other  hand,  vaporization  experiments  depend  more  on  ® 

ee  of  thrcoid  now  liquid  than  on  (r  and  Matching  the  droplet  Weber  number  is  agam  more  nnporiani  for  breakup,  while  Re 

is  very  important  to  both  stability  mechanisms. 

The  Reynolds  and  Weber  number  are  based  on  the  drop/pulse  interaction  and  are  defined  as. 


Re  = 


M2 


(1) 


We  = 


PjV/d 


(2) 


The  Eas  density  term  in  the  Weber  number  relation  is  the  density  of  the  gas  behind  the  pulse  (but  tefme  the  COT^t 
assumed  that  the  axial  velocity  of  the  droplet  is  negligible. 

In  tn  thp  narameters  listed  the  strength  of  the  pulse  wave  is  also  important.  Direct  matching  of  the  actual  and  ex- 

oerimental  pulse  strengths  will  lead  to  an  overspecification  of  the  simulant  conditions.  However,  the  relative  effect  of  pulse  ^tren^ 
^ows  So  aTll^he  Sfittrm  in  R^  in  pressure  pulse  strength  from  5-50%  of  the  chamber  pressure  can  be  ?hosen  or  ei^h 

engine  g?ven  in  Table  Uand  the  resulting  wave  velocity  can  be  calculated  from  the  usual  1-D  momentum  and  conunuity  relation 
a  pressure  pulse  (Ref.  26). 

With  the  attainment  of  realistic  pulse  strengths,  the  range  in  Re/D  to  be  matched  can  be  calculated.  The  AP/P  range  chosen 
is  in  line  with  the^ual  stability  criterL  Note  that  Re/D  is  solved  for  instead  of  Re  so  that  a  1:1  correspondent  m  drop  sjze  te- 
tween  cold  and  real-flows  can  be  maintained.  For  the  STB  configurations,  the  Re/D  range  is  from  0.34x  .*0  ^  ^ .1^° 

wS/D  ranges  from  6.4x  10^  to  9.9x  10*  fr*.  The  We/D  and  Re/D  bounds  for  the  other  configurauons  m  Table  111  fall  withm  the 

STE  limits. 

Provided  below  in  Table  IV  is  a  sample  range  of  actual  Re  and  We  for  a  typical  droplet  (100  A«ni)  and  the  conditions  defmed 
under  the  STE  LOX/H3  configuration  in  Tables  I-III.  Typically  the  Reynolds  numbers  are  lower  for  the  droplet  m  a  combustion 
atmospherfL  near-saturated-ToX  Le  are  much  higher  than  for  the  colder,  oxygen  cases  due  to  the 

low  (T  of  a  near-saturated  LOX  droplet. 
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Configuration 


LOX/lnj.  Ih 
LOX/Comb. 
Sat.LOX/Comb. 


Table  IV.  Sample  Range  of  Re  and  We  for  a  100  Micron  Droplet 


We 

Rex  10-“ 

210  -  2.1x10^ 

1.5  - 

18.0 

273  -  2.7x10* 

0.1  - 

1.3 

3300  -  3.3x10* 

0.1  - 

1.3 

Once  the  Re  and  We  are  specified,  the  various  combinations  of  simulant  fiuids  and  necessary  puise  tube  pressures  ( 
Pi,  P2»  P4)  can  be  defined  for  both  the  sub-  and  supercritical  phases. 

Pinirfc  The  subcritical  test  phase  will  be  set  up  to  investigate  the  effects  of  each  parameter  presented  previously 

the  rS  of  the  sim^  Isolve  the  Ler  dye  (dopant  for  MDR  technique).  Table  V  contains  the  resulting  array  of 

subcritical  liquids  for  both  UCI  and  UTRC  hardware. 


Table  V.  Subcritical  Simulant  Liquids 


Volatile  liquids  for  vaporization 


TherS'^wailHs  ^  tests.  MIL-C.7024  is  imother  common  injector  simulant,  but  it  also  does  not  com¬ 

pare  well  with  LOX  (although  it  is  closer  than  water  is). 

,  ,  .  ,  ,  ic  n  nsni3n<>  The  low  surface  tension  and  viscosity  of  n-pentane  make  it  an  excellent 

simulant  for"5^d  oSg^  However^  ratherTow  pentane  critical  pressure  of  3.4  MPa  (490  psia)  must  be  accounted  for  when 
establishing  the  simulauon  chamber  pressure  (Pi)  for  subcriUcal  tests. 

ir  e„vir„nment»l  imoacts  Can  be  accommodated,  the  various  chloronuorocarbons  jisted  in  Table  V  also  make  exwllent 

simul^is  due  waTer^o  (hatlf  l^xTi^^m^iTeTresli^es^blw^^^^  wd  0.99  MPa  (?Oo‘^d°144  ps“),’respec- 

ively  t^te  in  «iid  form.  Another  advantage  of  Freon  12  and  Freon  22  is  that  they  are  common  household  and  automotive 
refrigerants. 

Mitrniic  rtvirfp  is  anoihcr  excellent  simulant  because  it  is  the  only  simulant  in  Table  V  which  is  close  to  near- 

Sn  S VISU  riS.'SS  L  N.O  .  ..p.,  Pt  5.3  MP.  (770  pp.)  «  room  »np,„u,m. 

Nonetheless,  liquid  N2O  is  readily  available. 

TViP  citniiiants  sDecificallv  designated  for  use  in  the  vaporization  mechanism  tests  are  given  in  Table  V  because  of  their 
,  t  ^  t  „nt  hv  iTT’Rr'  The  chlorofluorocarbons  listed,  as  well  as  other  possible  fluids  not  listed,  may 

S  Ste  Sd  ?Sy!  liquid  oxygen  should  ^ used  as  the  simulant  Uquid.  LOX  is  mcluded  m  the  list  since  UTRC  s  iabora- 
tory  has  been  approved  to  handle  cryogenic  oxygen. 

Suoercritical  Fluids  Presented  in  Table  VI  are  the  possible  choices  for  the  simulaUon  of  ^X  under 
tinnc  The  hStSons  in  selicting  such  a  Ust  include  the  restriction  that  the  test  section  of  the  pulse  tube(s)  was  designed  for  6.9  MPa 
MOOO  lui  TwfchLSiS  prwlirr^^^^^  is  coupled  with  the  result  found  by  Norton  et  aL  (Ref.  27)  that  droplet  vaporization 

L  not  Xlted  £  ^^^tiiS Editions  for  reduced  pressures  below  approximately  1.5.  Therefore  the  simulant  liquid  should  not 

have  Per  greater  than  4.6  MPa  (667  psia). 


Table  VI.  Supercritical  Simulant  Liquids 


Aonlication  of  the  reduced  pressure  criterion  of  1.5  to  the  fluids  in  Table  VI  results  in  the  elimination  of  Pfe°"22  and  even 
oxygen  The^heavy  hydrocarbons  and  Freon  12  however  meet  the  Pi/Pcr  -  1.5  limiUtion.  If  *e  actual  ^Of  these 

S  and  3.1  (neSeting  the  preburner  reduced  pressure  of  7)  are  to  be  met,  only  the  heavy  M^o"/ 

hvdrocarbons  oc^e  and  decane  have  been  widely  used  in  past  supercritical  combustion  app  ications  (Ref.  15,28,29).  Pentao^e 
of  P°  b^s  expected  to  be  more  expensive  and  less  readily  available  than  the  others.  An  exception  to  the 
minimum  reduced  pressure  criterion  1.5  may  surface  if  Uquid  Oj  must  be  used  to  accomodate  UTRC's  droplet  imaging  techniques 
which  may  require  the  presence  of  oxygen  molecules  (ref.  3). 

other  low-Pcr  liquids  such  as  eicosane  and  Freon  13  were  also  considered  at  one  time.  The  problem  writh  these  and  o^w 
exotic  hydn^rlKins  Ld  Huorine-based  compounds  is  that  they  are  either  solids  at  room  temperature  or  are  hquids  only  at  low 
temperatures. 
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S'S”  .o™  n«id  =.»«n.U...  ««  u«n,sd«  A„,o„g  »n.„„u 

exist  in  addition  to  the  drop  parameters  are  the  following; 

1.  Pj  limited  to  6.9  MPa  (1000  psia) 

2.  Test  section  pressure  must  be  greater  than  the  liquid  vapor  pressure 

3^  Required  mixture  of  N^/He  must  be  within  possible  limits,  i.e.,  molecular  weight  between  4  and  28  and  y 

between  1.4  and  1.67 

4.  Shock  tube  driver  pressure  must  be  realistic  ( <  20.7  MPa) 

Thro^hou,  ft.  of  ft.  ST™  SVS 

chamb.,  gas  is  being  ^ ^  !!,  si  Jai.  ft.  ISeket  engine  nndw  eonsidmalion.  taniing  ft 

cedure  itself  was  designed  such  that  more  than  one  ,  annroDriate  driver  cas  which  can  be  most  any  readiiy-available 

gream  'SJSf  c*  gas  pSnJerft.  dl  not  ddin.  5ie  'shoek  wkseity  (ofter  ft«i  mdis^lly  «. 

Mi,yi);  and  the  static  temperature  upstream  of  the  pulse  (T2). 

Thesninta  ,,b..dnft  .0,  ite  iftteoifti  wl.bj^  .ftgo^.ar.kJIT 

S  Sindiuoni.  i..., 

set  is  to  be  matched.  Therefore  at  east  o"!  fs  of  refoen^  waw-induced  droplet  breakup  in 

secondary  atomization  process.  Following  the  ^  J  where  We/  >0  5*  droplet  breakup  with  this  parameter  less  than 

rocket  combustion  chamters  is  d“V°,,“®'‘^r‘XV^n'^&narof  wi^  for  uii^Se  wnSM  specified  in  Table  111  indi- 

0.5  tends  to  occur  in  a  'bag"-type  fasluon.  A  check  on  grange  o^e/V^»or^tW  ^  ^e  is  found  to  be 

Sitap^rliit  llTn^^W^D  between  the  engine  conditions  and  the  cold  How  tests,  and  the  chamber  compos.- 

tion  is  no  longer  an  unknown. 

ilslsi^SSH€B.pSi2Ss“, 

5.3^1  Mpa  (770  psia)  requires  a  30/70  percent  volume  mixture  of  N2/He  to  maintain  the  needed  pressure  margin. 

Should  the  possibUity  arise  that  We/D  cannot  be  neglected,  as  assumed  above,  a  elHs 

dure  rnust  *en  be  mployid.  A  preliminary  test  series  should  be  conducted  to  verify  which  of  the  parameters  Re/D,  We/D.  etc. 
most  important  to  secondary  atomization  and  which,  if  any,  can  be  neglected. 

Subcritical  Conditiqns-Vaporizatiom  The  test  conditions  and  fiuids  for  the  subcriUcal  vaporization  studies 

with  the  MDR  technique  over  the  specified  range  of  lest  conditions. 

c,.~,rrrifir!.t  rnnHitions  Investieation  of  the  secondary  atomization  and  vaporization  mechanisms  using  single-drop,  cold 

configurations  corresponding  to  rocket  engines  which  operate  m  the  supercritical  regime  will  be  matched. 

known. 
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Table  VII.  Possible  Subcritical  Secondary  Atomization  Test  Conditions 


Coaxial  LOXUh  {Inj.Ih) 


Coaxial  LOXlli2  {Comb.) 


Coaxial  LOXUh  {Sat.LOX) 


P2 

T2 

Liquid  Chamber  (7o.r 

P\{l^Pa) 

Pi 

7i 

IhO 

Ar 

1.72 

1.6-3. 1 

1.2-  1.6 

Freonll 

Ar 

2.10 

1.5 -2.8 

1.2-  1.5 

n  —  Pentane 

Ar 

1.07 

1.8 -4.0 

1.2-  1.8 

LOX 

Ar 

2.00 

1.5 -2.8 

1.2-  1.5 

Freon  1 2 

Ar 

2.24 

1.5 -2.7 

1.2-  1.5 

Freon  1 1 3 

Ar 

2.S3 

1 

to 

1.1  -  1.4 

IhO 

bf2 

1.14 

1.1  -  1.6 

1.0-  1.1 

Freonll 

N2 

1.38 

1.1  -  1.5 

1.0-  l.l 

n  —  Pentane 

0.72 

1.1  -  1.9 

1.0-  1.2 

LOX 

S2 

1.31 

1.1 -1.5 

1.0-  1.1 

FreonM 

1.48 

1.1  -  1.5 

l.O-  l.l 

Freon  1 1 3 

^2 

1.86 

1.1  -  1.4 

1.0-  1.1 

N2O 

30/70 

1.90 

1.1  -  1.4 

l.O-  1.1 

(W/M) 

Coaxial  LOXICIU  {Comb.)  IhO 

Freonll 
n  —  Pentane 
LOX 
FreonM 
freon  113 

RUO(lnj.Hi)  HiO 

Freonll 
n  —  Pentane 
LOX 
Freon  \  2 
Freon  \  1.3 

RU0{Comb.)  IhO 

Freonll 
n  —  Pentane 
LOX 
Freon  1 2 
Freon  1 1 3 

preburner  {Comb.)  IhO 

Freonll 
n  —  Pentane 
LOX 
Freon  1 2 
Freon  1 1 3 


N2 

1.52 

1.1  - 1.5 

l.O-  l.l 

^2 

1.86 

1.1  -  1.4 

l.O-  l.l 

N2 

0.96 

1.1- 1.7 

l.O-  l.l 

N2 

1.76 

1.1  -  1.4 

1.0-  1.1 

S2 

2.00 

1.1  -  1.4 

1.0-  1.1 

Ni 

2.52 

1.1  -  1.3 

1.0-  1.1 

bfi 

0.41 

1 .4  -  2.5 

1.1  -  1.3 

He 

2.38 

1.1  -  t.4 

l.O-  1.1 

N2 

0.28 

1.7-  3.2 

l.l  -  1.4 

lie 

2.22 

1. 1  -  1.4 

1.0-  1-1 

lie 

2.52 

l.l  -  1.4 

1.0-  1.1 

0.69 

1 .3  -  2.0 

1.1  -  1.2 

N2 

0.28 

l.l  -  1.9 

l.O-  1.2 

lie 

3.63 

1.2-  1.7 

1.1  -  1.2 

N2 

0.17 

to 

1 

to 

1 

p 

He 

3.40 

1.2-  1.7 

1.1 

He 

3.85 

1.2-  1.6 

1.1  -  1.2 

N2 

0.45 

1.1  -  1.6 

1.0-  1.1 

N2 

1.24 

1.2-  2.6 

1.0-  1.3 

N2 

1.55 

1.1  -  2.3 

1.0-  1.3 

N2 

0.79 

1.3 -3.3 

1.1  -  1.4 

N2 

1.45 

1.2-  2.4 

1.0-  1.3 

N2 

1.65 

1.1  -2.3 

1.0-  1.3 

N2 

2.07 

l.l  -2.1 

1 .0  -  1 .2 
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Tabic  vni.  Possible  Subcriiical  Vaporization  Test  Conditions 


Liquid  Chamber  Gas  P]{MPa) 


Coaxial  LOXI  H2  (InJ.Ih) 

Ethanol  j 
Methanol 

A2 

1.93 

1.4-  2.6 

1.1  -  1.4 

n  —  Decane 

N2 

1.79 

1.5-  2.7 

1.1  -  1.4 

Coaxial  LOXI  Hi  (Comb.) 

Ethanol  f 
Methanol 

N2 

0,90 

1.1  -  1.8 

1.0-  1.2 

- 

n  —  Decane 

N2 

0.S3 

1.1  -  1.8 

1.0-  1.2 

Coaxial  LOXI  cm  (Comb.) 

Ethanol  / 
Methanol 

^2 

1.21 

1.1  -  1.6 

1.0-  1.1 

n  —  Decane 

Ni 

1.10 

1.1  -  1.6 

1.0-  1.2 

RDO  (Inj.  Hi ) 

Ethanol  1 
Methanol 

N2 

0.34 

1.6 -2.9 

1.1-  1.4 

n  -  Decane 

Ni 

0.31 

1.6 -3.0 

1.1  -  1.4 

RL\0(Comb.) 

Ethanol  / 
Methanol 

N2 

0.21 

1.1 -2.1 

1.0-  1-2 

n  —  Decane 

N2 

0.21 

1.1  -2.2 

1,0-  1.2 

Preburner  (Comb.) 

Ethanol  / 
Methanol 

N2 

l.OO 

1.2 -2.9 

1.1 -1.4 

n  -  Decane 

^2 

0.90 

1.2 -3.0 

1.1  -  1.4 

Table  IX.  Possible  Supercritical  Test  Conditions 


Coaxial  LOXI H2  { ^ 2) 


Coaxial  LOXIH2  {Comb.) 


Coaxial  LOXjCHd  (Comb.) 


Preburner  (Comb.) 


Liquid  Chamber  Ga^ 

(Nil  He) 

Pi 

Per 

P2 

Pi 

72 

7'i 

n  —  Octane 

40/60 

1.5 

1.72 

1.19 

n  -  Pentadecane  80/20 

1.5 

1,8 -2.5 

1.2-  1.4 

n  —  Decane 

50/50 

1.5 

1,75 

1.20 

n  —  Octane 

10/90 

1.5 

1.1  -  1.4 

1.0-  1.1 

n  —  Pentadecane  30/70 

1.5 

l.I  -  2.0 

1,0-  1.3 

n  —  Pentadecane 

10/90 

3.0 

1.1  -  1.3 

1.0-  1.1 

PreonM 

10/90 

1.5 

1.05-  1.11 

1.02 

n  —  Decane 

10/90 

1.5 

1.1  -  1.9 

1.0-  1-2 

n  -  Decan  c 

0/100 

3.0 

1.07 

1.02 

LOX 

10/90 

1.1 

1.1  -  1.2 

1.0-  1.1 

n  —  Octane 

20/80 

1.5 

1.1  -  1.8 

1.0-  1.2 

n  -  Pentadecane  40/60 

1.5 

l.I  -  1.9 

1.0-  1-2 

n  —  Pentadecane 

10/90 

3.0 

1.1  -  1.3 

1.0-  1.1 

PreonM 

20lg0 

1.5 

1.05-  1.10 

1.02 

n  —  Decane 

20/80 

1.5 

1.1  -  1.8 

1.0-  1.2 

n  —  Decane 

0/100 

3.0 

1.06 

1.02 

LOX 

20/80 

1.1 

l.I  -  1.2 

1.0-  1.1 

n  —  Octane 

10/90 

1.5 

1.3 -2.0 

1.1  -  1.3 

n  —  Pentadecane  30/70 

1.5 

1.3 -2.2 

1.1  -  1.3 

n  —  Pentadecane 

10/90 

3.0 

1.2-  1.5 

1.1 

n  -  Decane 

20/80 

1.5 

q 

1 

q 

1.1  -  1-3 

LOX 

10/90  ■ 

I.l 

1.18 

1.06 
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Soluuon  over  the 

with  rte^geL'S’  rSuirthal  the  higher  u^\"st5‘“ll“a!.oUaUon  mech^^^^ 

bounds.  As  mentioned  previously,  the  diagnostic  ^  ,  L  i  r^mav  need  to  be  employed  to  accommodate  the 

ch^ber  gas  mixture  is  represented  as  (%  volume  N2)/(  /»  volume  He). 

VERIFICATION  OF  APPLICABILITY  OF  MECHANISMS  (TASK  3) 

zSSSiSsSHSSSS-SSS 

This  efTort  will  parallel  the  experimental  portion  of  the  effort  and  will  be  performed  primarily  by  the  «se“r^  E^up  at  UCl 

xvtic  pffnrt  will  not  be  a  fullv  independent  research  program  because  of  the  funding  constraints  of  the  program.  Advantage 
will  Jtaken  of  oSr  re^^ch  Sr^sTJci  addressii^  theoretical  models  of  spray  combustion.  Existing  computer  codes  ^m 
Ss^other  programs  will  be  employed  as  a  base  for  this  new  study,  with  suitable  modifications  for  the  rocket  combusUon  process 
and  environment. 

FfTort  at  UCl  over  the  oast  decade  has  been  directed  toward  simplified  transient  vaporization  models  which  are  physic^ly 
curate  bursumSy  ~mpu&ally  efficient  so  that  hundreds  or  thousands  of  droplets  in  a  spray  »t»«»usWt  j" 

n^a^l  “thrdevelopmLt  of  simplified  vaporization  modeling,  UCI  has  pursued  'exart'  soluuons  (via  finite-dinrtei^ 

{ations^  of  the  flow  and  thermal  fields  surrounding  and  within  vaporizing  droplets.  These  Navier-Stokes  soluuons  rerw  two 
LurToses  ffcorrrta^onrfor  cuiZL  such  as  droplet  drag  coefficients  are  obtained  that  can  be  “^.“-^Pt^y^tttbusUon  analyse 
wtfo  foe  simplified  models  (wWch  do  not  independenUy  predict  drag  coefficients)  and  2)  foe  exact  soluuons  can  be  used  as  a  stan 
for  comparison  of  the  simplified  models. 

Similar  types  of  improvement  and  movement  towards  readiness  will  be  made  with  ato^ation  modds,  wifo 
ondary  Tte  fotent  here  is  to  obtain  a  model  that  predicts  droplet  size  distribuuon  as  a  funcuon  of  local,  mstantaneous 

conditions  in  the  rocket  combustion  chamber. 

The  models  selected  will  be  studied  using  sensitivity  analyses.  The  available  and  new  analyUcal  results  will  be  systematirally 
comp^ed  to  the  experimental  data.  The  goal  wUl  be  to  verify  foe  controlling  mechanisms  by  showmg  that  foe  responses  of  the 
processes,  when  modeled  analytically,  result  in  predicted  insubilities. 

In  fh(>  final  vear  of  the  program,  the  developed  spray  combustion  computer  programs  will  be  used  to  simulate  foe  experimental 
runs  The  prta^foTsurvSs  Sdll  Stend  beyond  the  experimental  range.  This  extension  wdl  rtd  in  the  prediction 

of  trenL  aK  fofsu^S  of  parameter  modifications  for  the  experiments.  Based  upon  comparisons  with  foe  experimental  re¬ 
sults,  some  adjustment  in  foe  theoretical  models  might  occur. 

PRIORITIZED  PLAN  FOR  FUTURE  EFFORT  (TASK  4) 

INCLUSION  INTO  STABILITY  MODELS 

Effort  under  this  element  addresses  methods  to  apply  the  informaUon  and  insight  ga,ined 
phases  of  foe  Liquid  Subility  Mechanisms  program,  to  models  for  analyzing  and  eventually  suppressing  foe 
fnsubiliw.  For  exaV,  chLacteristic  times  for  combustion  processes  can,  in  principle,  be  modified  to 

to  acoustical  oscillations  Modifications  to  the  combustion  process  can  cause  a  responsive  phenoinenon  to  become  less  sensitiw  to 
LctuaUng  conditions.  The  locaUon  in  the  chamber  of  a  particular  combustion  process  can  be  modified  to  minimize  the  magnitude 

of  the  feedback  to  the  oscillation. 

FURTHER  INVESTIGATION  OF  MECHANISMS 

Effort  under  this  part  will  concentrate  on  plans  for  investigation  of  additional  mechanisms  of  forw  kinds,  ^he  first,  and  by  fa^ 
the  most  likely  would  bt  mechanisms  that  had  been  identified  during  the  current  program  but  which  tone  o'" 
nrohibited  testing  despite  the  desirability  of  doing  so.  The  second  would  involve  investigation  of  addiuonal  mech^isms  which  h^e 
coS  to  thfaSon  of  the  in^^^^^  during  foe  planned  testing.  The  third  type  would  be  required  if  all  select^  mechamsms 

had  been  investiealed  during  the  present  program  and  all  were  conclusively  shown  to  be  instability  nonparticipants.  In  this  case  the 
effor^ndrt TXof  progr^  would  have  to  be  repeated,  followed  by  a  repeat  of  Task  2  and  subsequent  efforts. 

ADDRESS  OF  UNRESOLVED  TECHNICAL  ISSUES 

FfTort  under  this  portion  of  Task  4  would  identify  plans  to  address  any  technical  issues  which  have  not  been  resolved.  It  is 
likely  that  these  will  primarily  revolve  around  difficulties  in  obtaining  desired  measurements  due  to  foe  extreme  ^^emt 

for  these  tests  One  foreseeable  difficulty  involves  obtaining  valid  spray  droplet  size  measurements  in  the  dense 
expectable  at  elevated-pressure  tests  with  low  surface  tension  fluids.  Other  difficulues  might  involve  uncertainues  over  whether  a 
repeatable  perturbation  causes  a  repeatable  response. 
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NOMENCLATURE 


VARIABLES 

D 

F 

M 

O 

P 

Pvap 

r 

Re 

T 

V 

We 

7 

P 

o 

P 

SUBSCRIPTS 

1 

2 

4 

€ 

g 

c 

cr 

ABBREVIATIONS 

Comb. 

Inj. 

Sat. 


Droplet  diameter 
Fuel 

Molecular  weight 
Oxidizer 
Static  pressure 

Saturation  pressure  at  53  5®  R 

Droplet  radius 

Reynolds  number 

Temperature 

Velocity 

Weber  number 

Specific  heat  ratio 

Density 

Surface  tension 
Viscosity 


Test  section  of  pulse  tube 
Region  directly  upstream  of  pulse 
Pulse  tube  driver  section 
Liquid 
Gas 

Chamber 
Critical  property 


Combustion  gas 

Injected 

Near-saturated 
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APPENDIX  G  -  SECONDARY  ATOMIZATION  BY  CONVECTIVE  FLOWS 


Secondary  atomization  or  drop  breakup  is  typically  defined  as  the  breakup  of  a  liquid 
droplet  into  two  or  more  daughter  droplets  by  a  convective  gas  or  liquid  flow.  The 
convective  flow  must  have  relative  velocity  sufficient  to  overcome  the  droplet’s  surface 
tension  restoring  force.  Secondary  atomization  is  distinguished  from  primary  atomization 
in  which  some  volume  of  liquid  is  initially  atomized  from  a  liquid  stream  or  sheet.  So- 
called  microexplosions  of  droplets  and  droplet  collisions  with  other  droplets  or  other 
surfaces  can  also  result  in  breakup  of  an  existing  drop  but  will  not  be  addressed  in  this 
review.  Additionally  breakup  by  shear  flows  will  not  be  addressed  here  due  to  the 
presence  of  a  recent  review  (Rallison,  1984). 

Applications 

Because  of  the  significant  number  of  applications  and  the  wide  variation  thereof, 
secondary  atomization  has  been  studied  over  a  long  period  of  time  by  many  different 
investigators.  The  bulk  of  the  research  has  been  performed  in  the  following  areas: 

1.  atomization  of  liquid  fuels  in  preparation  for  and  during  combustion  in  all  types  of 
combustors  (i.e.,  Lefebvre,  1989;  Lefebvre,  1983) 

2.  atomization  of  liquids  for  application  of  paint,  insecticides,  drugs,  and  other 
coatings  (i.e.,  Kwok  and  Liu,  1991). 

3.  meteorology  with  associated  breakup  of  rain  drops. 

4.  chemical  industry  dispersion  methods  such  as  spray  drying,  emulsification  in  liquid- 
liquid  systems,  and  production  of  froths,  foams,  and  aerosols  (i.e..  Masters,  1985; 
Rallison,  1984;  Kay,  1974). 

5.  shock  or  detonation  waves  in  gas/liquid  systems  with  applications  to  combustion 
instability  (i.e.,  Culick,  1989;  Harrje  and  Reardon,  eds.,  1972;  Dabora,  Ragland, 
and  NichoUs,  1969)  or  in  liquid/liquid  systems  with  applications  to  nuclear  reactor 
safety  (i.e..  Tan  and  Bankoff,  1985;  Patel  and  Theofanous,  1981). 

6.  erosion  and  other  associated  interactions  between  high  speed  aircraft  and  rain  or 
steam  turbines  and  prematurely  condensing  water  drops  (i.e.,  Bowden,  ed.  1966). 

In  combustion  systems,  primary  and  secondary  atomization  processes  prepare  the  liquid 
phase  for  vaporization  into  and  mixing  with  the  gas  phase.  The  degree  of  secondary 
atomization  determines  vaporization  and  mixing  rates  of  the  droplet  phase  in  the 
surrounding  gas.  In  dilute  sprays,  vaporization  is  typically  found  to  control  the  mixing 
rate.  In  some  dense  sprays,  however,  secondary  atomization  can  be  found  to  control  the 
mixing  rate  (Hsiang  and  Faeth,  1992).  Secondary  atomization  typically  occurs  in  the  near 
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injector  region  where  ligaments  of  liquid  break  off  from  a  jet  or  sheet  and  then  further 
breakup  as  they  are  sheared  by  co-flowing  gas.  Another  source  of  drop  breakup  is  the 
reaction  induced  expansion  of  the  combustion  gases  which  rapidly  accelerate  any 
unbumed  droplets  of  fuel.  As  a  liquid  droplet  breaks  apart  mote  of  the  surface  area  per 
unit  volume  of  that  phase  is  available  for  the  vaporization  process  and  the  liquid  is 
distributed  about  a  larger  volume.  Thus  in  addition  to  primary  atomization,  secondary 
atomization  can  directly  effect  the  distribution  of  the  liquid  phase  and  therefore  the  local 
gas  properties  such  as  mixture  ratio  of  the  flow  field.  The  resulting  drop  size  and  spatial 
distribution  affects  how  rapidly  the  mixture  can  be  expected  to  bum,  where  it  will  bum 
relative  to  the  injection  point  and  what  length  of  combustor  is  required  to  contain  the 
reaction. 

In  coating  applications,  primary  issues  related  to  secondary  atomization  are  concerned 
with  how  to  deliver  the  liquid  to  a  surface  1)  before  it  dries,  2)  without  significant 
vaporization  of  the  carrier  liquid  (usually  an  organic  thinner  or  water)  so  that  spreading 
can  occur  on  impact,  and  3)  with  the  desired  coverage  and/or  finish  quality.  Thus  control 
of  the  degree  to  which  droplets  undergo  secondary  atomization  can  be  quite  important  as 
drop  size  influences  all  three  of  these  items.  Recently,  environmental  issues  in  air  assisted 
spray  painting  have  made  reduction  of  overspray  and  volatile  organic  compounds  and 
enhancement  of  transfer  efficiencies  important  considerations  which  require  finer  control 
of  drop  size  distribution  and  thus  secondary  atomization  effects. 

In  meteorology,  secondary  atomization  influences  the  size,  velocity,  and  distribution  of 
rain  drops,  hail,  sleet,  and  snow.  Researchers  are  interested  in  how  raindrop  size  and 
velocity  impact  soil,  animals,  foliage,  stmctures,  and  vehicles.  Prediction  and  prevention 
of  destructive  effects  of  precipitation  is  a  major  goal.  Erosion  associated  with  raindrop 
impact  is  the  primary  concern,  and  literally  causes  billions  of  dollars  of  damage  each  year. 

In  the  chemical  industry,  dispersion  methods  whereby  a  particulate  phase  is  distributed  in  a 
continuous  phase  are  important  in  the  manufacturing  of  many  products.  Spray  drying  is 
used  to  create  powders  like  soap  and  milk.  In  spray  drying,  the  degree  of  secondary 
atomization  can  determine  the  final  particle  size.  Liquid-liquid  emulsifications  are  used  to 
produce  products  like  mayonnaise  and  shampoo.  Emulsions  are  mixtures  of  components 
that  are  otherwise  immiscible.  Secondary  atomization  by  both  convective  flow  and  shear 
can  play  a  role  in  agitators  designed  to  break  the  dispersed  phase  into  droplets  of  colloidal 
dimensions  where  emulsifying  agents  can  act  to  decrease  surface  tension  and  prevent 
coalescence  and  eventual  separation  of  the  components. 

For  detonations  in  gas/liquid  systems,  secondary  atomization  may  play  a  role  in  sustaining 
the  detonation.  In  high  frequency  combustion  instability  in  liquid  rocket  engines,  a 
spontaneously  generated  shock  wave  can  cause  propellant  droplets  to  shatter  with  a 
consequence  of  more  rapid  vaporization  and  combustion.  When  the  associated  heat 
release  is  sufficiently  in  phase  with  the  pressure  wave,  such  an  instability  can  develop. 
Here  secondary  atomization  may  play  an  indirect  role  in  providing  a  vaporized  liquid 
propellant  to  the  gas  phase  for  combustion  in  phase  with  the  passing  wave. 
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In  liquid  metal  fast  breeder  reactors,  a  hot  liquid  (fuel)  is  sometimes  brought  in  contact 
with  a  cold  vaporizable  liquid  (coolant)  with  a  resulting  explosive  interaction  termed  a 
vapor  explosion  or  fuel  coolant  interaction.  The  secondary  atomization  in  this  case  occurs 
when  a  vapor  explosion  generated  pressure  wave  fragments  molten  uranium  oxide  (fuel) 
droplets  present  in  liquid  sodium  (coolant)  resulting  in  production  of  new  interfacial  area 
of  the  molten  fuel,  thus  enabling  rapid  heat  transfer  necessary  to  sustain  the  propagation  of 
the  pressure  wave. 

In  supersonic  aircraft,  leading  edge  erosion  by  raindrops  is  a  concern.  The  aircraft  skin, 
windows  and  internal  engine  parts  are  all  subject  to  impact  by  raindrops.  While  typical 
sized  raindrops  (1-5  mm)  could  cause  damage  to  a  supersonic  aircraft  due  to  the  high 
relative  speed,  the  aircraft  is  preceded  by  a  shock  which  acts  to  break  apart  such  a  drop 
into  droplets  on  the  order  of  a  few  microns  in  size.  Droplets  of  this  size  are  probably 
incapable  of  causing  erosion  of  the  intercepted  object,  and  thus  the  secondary  atomization 
process  protects  the  supersonic  aircraft.  Nonetheless,  the  time  and  distance  traveled  prior 
breakup  and  impingement  on  surfaces  is  of  concern  in  situations  where  the  shock  is  close 
to  the  structure.  Thus  reduction  in  damage  can  be  achieved  by  designing  a  body  whose 
detached  shock  is  sufficiendy  far  removed  so  as  to  allow  drop  fragmentation  to  be 
completed.  Additionally,  the  initial  diameter  plays  a  role  in  the  size  of  the  daughter 
droplets.  Consequently,  there  is  an  initial  diameter  below  which  the  daughter  droplets  will 
impinge  on  the  vehicle  with  insignificant  mass. 

In  steam  turbines,  a  fine  mist  droplets  arising  in  spontaneous  condensation  indirectly 
causes  erosion  of  internal  surfaces.  These  droplets  collect  on  structural  components  and 
are  detached  in  large  drops  which  undergo  secondary  atomization  and  impinge  on  turbine 
blades  causing  erosion. 

While  the  applications  are  varied,  many  aspects  of  the  same  basic  phenomena  are  observed 
from  application  to  application.  Questions  and  issues  of  common  interest  in  the  study  of 
this  phenomena  are  as  follows 

1.  How  does  breakup  occur? 

2.  Under  what  flow  conditions  does  it  occur? 

3.  How  is  the  drop  deformed  and  what  is  its  drag  coefficient  history  prior  to 
breakup? 

4.  How  long  does  the  process  take? 

5.  At  what  rates  does  it  occur? 

6.  What  drop  sizes  are  produced  and  what  influences  these  drop  sizes? 

7.  How  are  the  daughter  droplets  distributed  in  the  flow  field  and  what  are  their 
velocities? 
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Literature  Review 


Previous  Reviews.  While  there  is  a  substantial  portion  of  the  literature  devoted  to 
atomization  in  general,  secondary  atomization  is  usually  considered  a  subset  thereof.  Thus 
reviews  of  atomization  usually  include  sections  on  secondary  atomization.  Ferrenberg, 
Hunt,  and  Duesberg  (1985)  contains  the  most  recent  such  review.  Lapple,  Henry,  and 
Blake  (1967),  while  dated,  is  comprehensive  and  also  contains  a  section  on  secondary 
atomization.  Hinze  (1955)  has  reviewed  early  work  specific  to  drop  breakup,  while  more 
recent,  yet  still  relatively  dated  reviews,  include  those  of  Harvey  (1973),  Forsnes  and 
Ulrich  (1968),  and  Luna  and  Klikoff  (1967).  Forsnes  and  Ulrich  (1968)  in  particular,  has 
annotated  reviews  of  hard-to-find  early  work. 

Diagnostic  Techniques.  Diagnostic  techniques  for  study  of  this  phenomena  have 
typically  employed  use  of  high  speed  cameras  to  obtain  images  for  qualitative  analysis  of 
the  process.  Shock  tubes  or  tubes  through  which  a  gas  stream  is  passed  are  the  test 
articles  of  choice.  Techniques  for  introducing  the  drop  to  these  flows  include  suspension 
of  pendant  droplets  from  capillary  tubes  and  wires,  acoustic  levitation,  solenoidal 
retraction  of  a  wire  with  a  pendant  drop  on  its  tip,  and  injection  into  the  gas  stream  by  a 
drop  generator. 

More  recently,  holography  has  been  employed  to  observe  the  product  droplets  of  the 
secondary  atomization  process  and  computer  aided  image  analysis  applied  to  size  the 
product  droplets  (Hsiang  and  Faeth,  1992).  High  speed  holographic  cinematography  is 
under  consideration,  but  has  yet  to  be  developed  for  this  application. 

Characterizing  Parameters.  As  in  many  other  areas  of  fluid  mechamcs  the 
dimensionless  parameters  which  are  used  to  characterize  drop  breakup  behavior  are  ratios 
of  forces  and  times.  For  the  sake  of  discussion,  the  ensuing  descriptions  shaU  be  written 
from  a  standpoint  of  a  liquid  droplet  with  relative  velocity  to  a  surrounding  gas,  as  this  is 
the  most  commonly  researched  situation. 

The  relative  convective  flow  over  the  drop  surface  exposes  it  to  inertial  forces  of  the 
convective  gas  flow  which  impose  normal  pressure  and  shear  forces  on  its  surface.  The 
ratio  of  these  forces  is  roughly  proportional  to  the  Reynolds  number  given  as 

Re=pU„,DJVi  (G-1) 

The  drop  also  experiences  surface  tension  forces  which  act  tangential  to  the  droplet 
surface  and  act  to  maintain  its  spherical  shape.  The  normal  pressure  forces  induced  by  the 
convective  flow  act  to  deform  the  droplet  from  this  spherical  shape.  The  ratio  of  these 
dynamic  pressure  forces  to  surface  tension  forces  is  proportional  to  the  Weber  number 
given  as 


We  =  pU„,^D,/a 


(G-2) 
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The  drop  also  experiences  body  forces,  analogous  to  gravity,  due  to  acceleration  or 
deceleration  of  the  surrounding  convective  flow.  Such  forces  are  uniform  on  every  fluid 
particle  in  an  undeformed  droplet  and  are  opposite  to  the  direction  of  the  acceleration. 
The  surface  becomes  unstable  when  this  force  points  in  a  direction  from  the  less  dense  to 
the  more  dense  fluid.  For  liquid  drops  accelerating  in  gas  flows  this  occurs  on  the 
windward  face  of  the  droplet.  For  an  open  container  of  liquid  this  occurs  when  the 
container  is  inverted  from  its  otherwise  stable  state  and  the  liquid  begins  to  pour  out  under 
the  influence  of  gravity.  The  force  opposing  this  instability  in  the  liquid  surface  is  surface 
tension.  The  ratio  of  acceleration  forces  to  surface  tension  forces  is  proportional  to  the 
Bond  number  given  as 


Bo  =  poaD/  /  a  (G-3) 

If  the  acceleration  is  caused  by  relative  motion  of  the  surrounding  gas  and  the  droplet, 
then  the  acceleration  can  be  related  to  the  drag  force  and  the  bond  number  can  be  given  in 
terms  of  the  Weber  number  as 

Bo  =  3CDWe/4  (G-4) 

A  related  dimensionless  parameter  used  to  describe  bubbles  rising  under  the  influence  of 
bouyancy  has  recently  been  applied  in  the  discussion  of  drop  breakup  by  Faeth  (1992)  and 
is  very  similar  to  the  Bond  number.  The  Eotvas  number  is  given  as 

Eo  =  (p„-p)aD,"/<J  (G-5) 

This  number  is  virtually  equivalent  to  the  Bond  number  for  most  atmospheric  situations 
but  can  change  substantially  for  low  liquid/gas  density  ratios. 

The  deformation  of  a  drop  from  its  stable  spherical  shape  tends  also  to  be  prevented  by 
liquid  viscous  forces  in  the  droplet  interior.  The  deformation  process  is  longer  for  drops 
with  high  liquid  viscosities  and  shorter  for  low  liquid  viscosities.  In  transient  convective 
gas  flows,  the  viscosity  can  be  considered  as  a  rate  limiting  parameter.  If  a  droplet  of 
relatively  high  liquid  viscosity  is  unable  to  achieve  an  unstable  shape  during  the  passing  of 
a  shock  for  instance,  breakup  may  be  prevented.  Oscillation  periods  of  the  droplet  surface 
could  also  be  expected  to  be  directly  proportional  to  the  drop  liquid  viscosity.  The  ratio 
of  liquid  viscous  forces  to  surface  tension  forces  is  proportional  to  the  Ohnesorge  number 
given  as 

Oh  =  ^l,/(p,D,(T)*/^  (G-6) 

In  a  proliferation  of  dimensionless  parameters,  the  Laplace  number  is  given  as 

La  =  l/Oh2  (G-7) 
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A  number  of  researchers  have  by  dimensional  analysis  found  a  dimensionless  time  to 
breakup  of  the  form. 


X,=K(p/pj'/^U„,t,/D,  (G-8) 

where  the  reference  time  is  that  time  required  to  traverse  one  drop  diameter  in  the  gas 
fixed  coordinate  system  and  is  given  by 


tief=Do/Urel 

Whether  the  drop  breaks  apart  or  oscillates  the  natural  oscillation  period  of  the  droplet 
given  by  Rayleigh  (1945)  as 

tv=7c/4(p„D//cT)V'  (G-10) 

is  expected  to  play  an  important  role,  especially  in  transient  flow  conditions  where  the 
aerodynamic  forces  may  initiate  such  an  oscillation. 

Types  of  Breakup.  There  have  been  three  basic  types  of  droplet  breakup  observed, 
"bag",  "shear",  and  "catastrophic".  Others  described  in  the  literature  appear  to  be 
transitional  or  combinations  of  varying  degrees  of  these  three  basic  types. 

The  bag  type  of  breakup  is  characterized  by  deformation  of  the  droplet  into  an  ellipsoid 
with  its  semimajor  axis  perpendicular  to  the  flow  direction.  As  the  droplet  flattens,  its 
radius  of  curvature  at  the  axis  of  symmetry  increases  and  the  stagnation  pressure  is  felt 
over  a  larger  area.  Eventually  an  unstable  situation  is  achieved  whereby  the  center  of  the 
drop  is  pushed  downstream  of  the  outer  edge  forming  a  thin  membrane  in  the  shape  of  a 
bag  or  parachute  with  the  outer  edge  forming  an  annular  ring  of  fluid  with  the  bulk  of  the 
liquid  mass.  The  bag  bursts  creating  a  fine  mist  of  droplets  followed  by  failure  of  the 
annular  ring  breaking  into  larger  droplets.  Bag  type  breakup  typically  occurs  at  Weber 
numbers  just  above  critical  values  and  requires  that  the  flow  duration  be  applied 
significantly  longer  than  required  in  shear  or  catastrophic  breakup.  Photographic  evidence 
of  this  mode  of  breakup  is  widely  available  (Krzeckowski,  1980;  Reichman  and  Temkin, 
1974;  Simpkins,  1974;  Wolfe  and  Anderson,  1964;  Hanson,  Domich,  and  Adams,  1963; 
Rabin,  Schallenmuller,  Lawhead,  1960).  See  Figure  G-1  for  a  typical  example. 

A  commonly  observed  transitional  mode  observed  between  bag  and  shear  regimes  is  the 
"parasol"  or  "bag-stamen"  type  in  which  a  re-entrant  spike  of  fluid  emanates  back  into  the 
oncoming  flow  from  the  stagnation  point  and  remains  as  the  rim  and  the  remaining  portion 
of  the  bag  disintegrate  and  blow  downstream.  Photographic  evidence  of  this  mode  of 
breakup  is  also  widely  available  (Krzeckowski,  1980;  Simpkins,  1974;  Wolfe  and 
Anderson,  1964;  Hanson,  Domich,  and  Adams,  1963).  See  Figure  G-2  for  a  typical 
example. 
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W«=  11  (FROM  LANE  &  GREEN) 


Figure  G-1 

Typical  Bag  Mode  Droplet  Breakup 


W«  -  32.5  (o)  969  lii,  (b)  1528  pj,  (c)  1662  ps. 


Figure  G-2 

Typical  Parasol  Mode  Droplet  Breakup 


The  shear  type  of  breakup  is  characterized  by  deformation  of  the  droplet  into  a  lenticular 
shape  with  small  waves  forming  on  the  windward  side  and  liquid  from  the  crests  of  these 
waves  being  eroded  off  by  aerodynamic  shear  and  capillary  wave  breakup  and  is  typically 
attributed  to  Kelvin-Helmholtz  instability.  The  droplets  which  compose  the  mist  are  so 
small  that  they  tend  to  follow  the  streamlines  in  the  wake  of  the  original  drop.  This  type 
of  breakup  occurs  at  0(10^)  <  Bo  <  O(105).  Photographic  evidence  of  this  mode  of 
breakup  is  also  available  (Krzeckowski,  1980;  Simpkins,  1974;  Ranger  and  Nichols,  1972, 
Simpkins  and  Bales,  1972;  Ranger  and  Nichols,  1969;  Dickerson  and  Schuman,  1965; 
Wolfe  and  Anderson,  1964;  Hanson,  Domich,  and  Adams,  1963;  Rojec,  1963;  Rabin, 
Schallenmuller,  Lawhead,  1960;  Rabin  and  Lawhead,  1959;  Gordon,  1959,  Engel,  1958, 
Lane,  1951).  Of  these,  Rojec  (1963)  shows  the  most  detail  in  photographs  of  a  suspended 
droplet  See  Figure  G-3  for  a  typical  example. 
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Figure  G-3 

Typical  Shear  Mode  Droplet  Breakup 
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The  catastrophic  type  is  characterized  by  rapid  growth  of  surface  waves  on  the  windward 
face  of  the  droplet  with  abrupt  disintegration  of  drop  before  significant  distortion  or 
stripping.  This  is  attributed  to  growth  of  acceleration  waves  induced  by  the  rapid 
convective  flow  about  the  drop  and  is  also  known  as  the  Rayleigh-Taylor  instability 
regime.  This  behavior  is  observed  at  Bo  >  O(IO^).  Reinecke  and  Waldman  (1970)  and 
Reinecke  and  McKay  (1969)  used  an  X-ray  absorption  technique  which  yielded 
microdensitometry  traces  on  X-ray  plates  to  determine  rate  parameters  associated  with  the 
droplet  mass. 

Borisov  et  al.  (1981)  has  suggested  criteria  for  breakup  by  these  different  mechanisms  as 
follows: 

"bag"  breakup: 

8<We<40 

0.2<WeRe-0-5<  1.6  (G-H) 

"shear"  breakup: 

20  <  We  <  2  X  104 

1  <  WeRe-0-5  <  20  (G-12) 

"explosive"  or  "catastrophic"  breakup: 

2x  103<We<2x  105 

20  <  WeRe-0-5  <  2  x  10^  (G- 1 3) 

Effect  of  Flow  Transients.  A  number  of  researchers  (Rabin  and  Lawhead,  1959;  Lane, 
1951;  Hinze,  1948b)  have  distinguished  between  the  breakup  behavior  of  a  droplet  in  a 
steady  stream  of  gas  as  opposed  to  a  transient  stream  of  gas  such  as  that  experienced  in 
the  passing  of  a  shock.  Shock  tube  tests  by  Gordon  (1959)  indicate  that  the  type  of 
breakup  and  critical  Weber  number  were  strongly  influenced  by  the  duration  and  velocity 
of  flow  behind  the  shock  wave.  The  gas  flow  history  about  the  drop  and  the  motion  and 
deformation  histories  of  the  drop  are  transient  in  nature  unless  the  droplet  is  introduced 
stably  to  the  gas  stream  at  its  terminal  velocity.  This  is  obviously  not  a  common 
occurrence  in  nature  and  a  drop  is  either  accelerating  or  decelerating  depending  on  the 
velocity  at  which  it  is  introduced  to  the  gas  flow.  The  time  varying  external  forces  of 
pressure,  frictional  drag,  and  body  forces  applied  to  the  droplet  as  it  deforms  determine 
how  the  breakup  process  occurs.  Characteristic  times  associated  with  deformation, 
oscillation,  flow  duration,  surface  wave  period,  and  others  ultimately  control  this  process. 

The  "steady"  case  is  actually  quasi-steady  since  the  droplet  is  actually  accelerating  or 
decelerating  due  to  the  drag  force.  In  this  case  the  acceleration  is  gradual  and  any  initial 
disturbance  associated  with  it  is  small.  Falling  raindrops  or  a  drop  detaching  from  an 
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accelerating  mass  of  liquid  exemplify  this  case.  For  this  type  of  flow  the  existence  of  a 
critical  Weber  number  or  speed  above  which  breakup  occurs  is  typically  found  for  a  given 
liquid. 

In  transient  flow  conditions,  the  droplet  is  typically  suddenly  exposed  to  a  convective  g^ 
stream  following  a  shock.  Shock  tubes  are  most  commonly  used  to  investigate  this 
phenomena  (Hsiang  and  Faeth,  1992;  Temkin  and  Ecker,  1989;  Weirzba  and  Takayama, 
1988;  Yoshida,  Weirzba  and  Takayama,  1988;  Temkin  and  Mehta,  1982;  Bonzov  et  al., 
1981;  Krzeckowski,  1980;  Reichman  and  Temkin,  1980;  Temkin  and  1980; 

Simpkins,  1974;  Ranger  and  Nichols,  1972;  Reinecke  and  Waldman,  1970;  Simpkins  and 
Bales,  1972;  Reinecke  and  McKay,  1969;  Ranger  and  Nichols,  1969;  Dickerson  and 
Schuman,  1965;  Haas,  1964;  Wolfe  and  Anderson,  1964;  Hanson,  Domich,  and  Adams, 
1963;  Rojec,  1963;  Rabin,  SchaUenmuUer,  Lawhead,  1960;  Rabin  and  Lawhead,  1959; 
Gordon,  1959;  Engel,  1958;  and  Lane,  1951).  Rabin,  SchaUenmuUer,  and  Lawhead 
(1960)  have  suggested  that  the  acceleration  applied  to  the  droplet  as  weU  as  the  duration 
of  the  flow  have  the  greatest  bearing  on  the  breakup  phenomena.  To  this  end,  the  Bond 
number  has  been  found  to  characterize  the  time  over  which  the  droplet  deforms  and 
breaks  up  for  low  Ohnesorge  number  droplets.  A  droplet  subject  to  such  a  flow  field  is 
susceptible  to  both  catastrophic  and  shear  breakup.  However  bag  mode  breakup,  whUe 
requiring  longer  duration  flow  fields,  has  also  been  observed  in  shock  tubes  (Eastes  and 
Samuelsen,  1993;  Hanson,  Domich,  and  Adams,  1963). 

Taylor  (1949)  found  that  the  value  of  the  critical  Weber  number  for  a  droplet  in  a  steady 
gas  stream  to  be  a  factor  of  2^^^  greater  than  that  for  the  same  droplet  in  a  transient  gas 
stream  if  the  osciUation  period  does  not  substantiaUy  exceed  the  flow  duration. 

Deformation.  The  shape  of  a  droplet  faUing  under  the  influence  of  gravity  in  a  steady  is 
influenced  by  surface  tension  forces,  hydrostatic  forces  within  the  droplet,  shape 
dependent  aerodynamic  forces,  internal  circulation  of  the  droplet  fluid,  osciUations 
whether  natural  or  excited,  viscosities  of  the  droplet  liquid  and  the  convective  gas  flow, 
boundary  layer  separation  at  some  point  on  the  drop  surface,  vortex  shedding,  and  the 
drop  diameter  itself. 

As  previously  inferred,  deformation  is  a  critical  stage  in  both  bag  and  shear  type  breakup. 
In  each  case  the  pressure  distribution  about  the  drop,  itself  a  function  of  the  drop  shape, 
creates  a  pressure  difference  between  the  windward  and  leeward  sides  of  the  drop  which 
tends  to  flatten  it.  If  the  deformation  is  insufficient  to  break  up  the  droplet  it  may  vibrate 
or  oscillate  in  any  number  of  modes.  The  deformation  need  not  be  linear  as  breakup  is  not 
always  a  forgone  conclusion  in  a  nonlinear  deformation.  For  bag  mode  breakup,  this 
process  has  been  observed  to  flatten  the  drop  so  that  the  lateral  spread  is  on  the  order  of 
three  to  four  initial  drop  diameters  prior  to  breakup  (Ranger  and  Nichols,  1969).  This 
severe  extent  of  deformation  does  not  lend  itself  well  to  a  linearized  solutions  of  low  wave 
number  disturbances  associated  with  bag  mode  breakup,  but  is  adequate  for  large  wave 
number  disturbances  associated  with  shear  and  catastrophic  breakup  modes  (Harvey, 
1973). 
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Hinze  (1948a)  linearized  the  hydrodynamic  equations  of  motion  of  the  drop  and 
considered  normal  pressure  distribution  as  the  deforming  forces  to  obtain  closed  form 
solutions  for  very  low  and  very  high  liquid  viscosities.  For  low  viscosity  drops,  where  Oh^ 
«  1,  he  calculated  the  normalized  deformation  as 

6/Do  = -0.0425 Wecr  (G-14) 

and  for  high  viscosity  drops,  where  Oh^  »  1,  he  calculated  the  normalized  deformation  as 
S  /Do  =  -0.02375Wecr  (G- 15) 

Determination  of  droplet  shape  has  typically  been  accomplished  using  regular  perturbation 
techniques  at  very  low  We  such  as  that  by  Frankel  and  Weihs  (1983).  Harper,  Grube,  and 
Chang  (1972)  have  more  recently  shed  new  light  on  the  drop  response  phenomena  in  a  so- 
called  "unified  theory"  by  employing  modem  perturbation  techniques  and  obtained 
solutions  in  the  form  of  an  expansion  for  small  values  of  gas  to  liquid  density  ratio,  £ . 
They  have  also  calculated  that  the  value  of  Bond  number  associated  with  the  critical 
Weber  number  is  0(1)  and  less  than  44.9.  Above  the  lowest  critical  value  of  Bond 
number,  44.9,  the  drop  is  unstable  to  small  disturbances  of  arbitrary  form.  However  up  to 
a  Bond  number  of  4  x  10^,  the  rate  of  growth  of  unstable  modes  is  small  compared  to 
aerod)mamic  distortion.  In  this  so-called  "quasi-stable"  regime,  4  x  10^  <  Bo  <  4  x  105, 
deformation  is  algebraic  and  breakup  is  apparently  due  to  boundary  layer  stripping.  For 
convenience,  their  plot  of  these  regimes  of  dynamic  response  is  presented  in  Figure  G-4. 
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The  most  recent  work  has  brought  finite  difference  techniques  to  bear  in  the  investigation 
of  both  deformation  and  breakup.  Liang,  Bastes,  and  Gharakhani  (1988)  employed  direct 
numerical  simulation  with  a  volume-of-fluid  technique  to  track  the  free  surface  to  examine 
both  bag  and  shear  mode  breakup.  Qualitative  agreement  with  breakup  times,  drag 
coefficients,  and  shapes  from  experimental  photos  was  achieved.  Other  researchers  (Deng 
and  Jeng,  1990;  Dwyer  and  Dandy,  1989;  Fritts,  Fyfe,  and  Oran,  1984)  have  employed 
Lagrangian  grids  to  track  the  free  surface  deformations  and  obtained  similar  results. 

Critical  Weber  Number.  While  deformation  and  breakup  phenomena  are  experimentally 
well  established,  attempts  to  predict  the  critical  conditions  associated  with  breakup  are  for 
the  most  part  limited  to  semi-empirical  approaches.  Advances  in  perturbation  analysis  and 
direct  numerical  simulation  offer  renewed  hope. 

Hinze  (1984a)  postulated  the  existence  of  a  critical  Weber  number  above  which  breakup 
would  occur.  While  a  critical  quantity  should  be  unique  by  definition,  values  over  one  and 
a  half  orders  of  magnitude  (from  1  to  about  50)  are  routinely  given  in  the  literature.  Plinze 
(1955)  modified  his  original  Weber  criteria  to  include  the  effect  of  viscosity  and  found  the 
equivalent  of 

Wecr  =  C(1  +  (X£  l/^oh). 

The  coefficient  of  Oh  was  found  to  decrease  to  zero  as  Oh  approaches  zero. 
Correspondingly  in  a  review,  Luna  and  Klikoff  (1967)  suggested  that  a  Weber  number 
corrected  for  liquid  viscosity  and  the  variation  in  flow  duration  with  time  is  the  best 
criterion  for  evaluating  drop  breakup.  Recently,  Kreczkowski  (1980)  has  proposed  that 
the  breakup  mode  is  controlled  by  Weber  number,  Laplace  number,  and  liquid  gas 
viscosity  ratio,  which  is  also  consistent  with  Equation  G-16.  Hsiang  and  Faeth  (1992) 
have  found  that  progressively  higher  We  are  required  for  breakup  as  Oh  increases  which  is 
consistent  with  the  findings  of  Hinze  (1955)  and  Kreczkowski  (1980). 

Rabin,  SchallenmuUer,  and  Lawhead  (1960)  proposed  a  criterion  for  breakup  by  shear 
type  breakup  as 

Wecr  =  Re  ^^‘12) 

which  was  confirmed  by  others  (Borizov  et  al.,  1981;  Borizov,  Gel’fand,  and  Kograko, 
1974;  Dickerson  and  Coultas,  1966)  in  subsequent  investigations. 

Drag  Coefficient  Simpkins  and  Bales  (1972)  have  summarized  most  of  the  existing  data 
on  drag  coefficient  data  from  deforming  drops  in  Figure  G-5.  Most  of  the  data  is  2  to  3 
times  greater  than  the  compressible  flow  solid  sphere  value  of  Cd=  1.0.  They  refer  to 
rigid  disk  data  which  ranges  between  1.8  and  2.8  for  disks  in  compressible  flow  which  is 
reasonably  close  to  the  deformed  drop  data  shown. 
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Figure  G-5 

Drag  Coefficient  as  a  Function  of  Re  for  Deformed  Droplets 


Rabin,  ScallenmuUer,  and  Lawhead  (1960)  measured  drag  coefficients  in  their  shock  tube 
experiments  and  have  suggested  that  for  10^  <  Re  <  10^  the  following  expression  is  valid: 

CD  =  0.386Re01'77  (G-18) 

The  drag  coefficients  for  droplets  in  shear  mode  and  thus  at  very  high  Re  were  found  to 
range  between  2  and  3  (Ranger  and  Nichols,  1969;  Rabin,  ScallenmuUer,  and  Lawhead, 
1960). 

Temkin  and  Kim  (1980)  show  that  for  a  rigid  sphere  moving  unsteadily  in  a  fluid,  the  drag 
coefficient  may  be  expressed  as 


Cd 


=  Cd.-(Po/P- 


Dq  dU^, 
dt 


(G-19) 


They  along  with  Temkin  and  Mehta  (1982),  seeking  to  avoid  droplet  deformation,  have 
obtained  drag  coefficients  which  correlate  reasonably  weU  with  this  expression  for  We  < 
0.15  and  Re  <  100. 
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Normalized  Time  to  Breakup,  tU /  Tq  \/Pg / ^ 


While  most  drag  coefficients  have  been  derived  using  the  crosssectional  area  of  a  sphere  of 
liquid  Hsiang  and  Faeth  (1982)  found  that  their  data  was  consistent  with  solid  sphere  drag 
coefficients  for  low  deformation  but  as  the  semimajor  axis  approached  twice  the  original 
drop  diameter,  the  drag  coefficient  approached  results  for  a  thin  disk. 

Breakup  Times  and  Distances.  While  most  researchers  are  interested  in  breakup  times 
and  distances,  Ferrenberg,  Hunt,  and  Duesberg  (1985)  point  out  that  the  definition  of 
breakup  time  and  thus  the  breakup  distance  is  ambiguous  and  sometimes  not  even 
mentioned  in  the  literature.  Typically  it  is  defined  as  the  time  elapsed  from  the  point  of 
exposure  to  the  beginning  of  disintegration,  the  time  required  for  disintegration,  or  the 
sum  of  these.  Liang,  Hastes,  and  Gharakhani  (1988)  summarize  most  existing  data  and 

correlations  of  dimensionless  breakup  times,  Tt,  (with  K=1  in  Equation  G-7)  as  a  function 
of  We  over  all  the  known  breakup  regimes  in  Figure  G-6.  The  breakup  times  range  over 
an  order  of  magnitude,  0(1)  to  0(10),  in  the  shear  and  catastrophic  breakup  regimes  and 
are  not  much  better  in  other  regimes.  Table  G-1  summarizes  values  of  K  found  by  other 
researchers. 
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Figure  G-6 

Breakup  Time  as  a  Function  of  We 
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Table  G-1.  Breakup  Time  Constant  for  Equation  G-8 


nr- 

Investigator 

Ranger  and  Nicholls  (1969) 

1 

Wolfe  and  Anderson  (1964) 

2.0 

Gordon  (1959) 

0.57 

Hinze  (1948b) 

Luna  and  Klikoff  (1967)  indicate  in  their  review  that  drop  breakup  requires  sufficient  flow 
duration,  and  thus  Wecj-  is  necessary  but  not  sufficient  to  obtain  breakup. 

Wolfe  and  Anderson  (1964)  theorized  that  breakup  is  a  rate  process  and  employed  rate 
process  theory  to  derive  the  following  expression  relating  drop  breakup  time  to  gas  and 
liquid  parameters: 

'Cb  =  Do/[(A2+BP)  1/2-A]  (G-20) 

where  A  =  16lt„/(p,DJ,  B  =  2/p„,  P  =  0.5CdPoU„,' -ka/D„,  and  k  is  a  constant 
related  to  the  drop  curvature  and  breakup  mode.  Interestingly  enough  and  possibly  by 
design,  for  negligible  viscosity  and  surface  tension  and  Cj)  =  1 ,  this  expression  is  found  to 
be  the  equivalent  of  Equation  G-8. 

Ranger  and  Nicholls  (1964)  found  in  the  initial  stages  of  shear  mode  breakup  that  the  non 
dimensional  displacement,  ^  followed  a  parabola  in  the  dimensionless  time,  x  as  follows: 

^  =  3CpX^/8  (G-21) 

They  found  that  their  data  fit  this  equation  quite  well  for  Cp)  =  3,  although  other  data 
tends  to  fit  better  if  Cj)  is  about  2.  As  breakup  proceeded  the  displacements  were 
substantially  greater  due  to  the  decreasing  size  of  the  droplet.  For  their  tests  they  obtained 

on  the  order  of  25. 

Hsiang  and  Faeth  (1992)  found  that  all  of  their  data  for  10  <  We  <  10^  at  Oh  <  0.1  agreed 
well  with  the  breakup  time  correlation  of  Ranger  and  Nicholls  (1969).  For  0. 1  <  Oh  <  3.5 
and  We  <10^  they  found  it  necessary  to  multiply  this  correlation  by  a  factor  of  1  -  Oh/7 
although  they  point  out  that  very  few  data  were  used  to  develop  this  correlation. 

Drop  Sizes  and  Stripping  Rates.  A  great  deal  of  work  has  been  done  to  characterize  the 
atomization  process  of  various  atomizers  and  injectors  under  varying  flow  conditions. 
Size  distributions  and  velocities  for  the  drops  which  comprise  the  spray  field  are 
commonplace  in  the  literature.  These  characterizations  undoubtedly  include  the  effects  of 
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secondary  atomization,  yet  isolation  of  secondary  atomization  effects  has  only  been 
attempted  by  a  few  and  are  discussed  here.  Presumably,  diagnostic  techniques  other  than 
imaging  ate  not  capable  of  following  a  drop  through  this  process. 

Dickerson  and  Schuman  (1965)  found,  through  painstaking  analysis  of  streak  and  framing 
camera  movies  of  shock  tube  experiments,  a  correlation  of  volume  loss  history  for  drops 
undergoing  shear  breakup  equivalent  to  the  following: 


5^  =  6.74;.10-=-5^(D.U,VPP:/H.)“W'e">'’  (0-22) 

Pof^o 

This  equation  is  stated  to  be  valid  for  a  quasi-steady  process  and  liquids  with  similar 
properties  to  RP-1,  a  rocket  propellant  similar  to  kerosene. 

Wolfe  and  Anderson  (1964)  developed  from  capillary  theory  the  following  expression  for 
mass  mean  diameter. 


(MMD/DJ^ 


(G-23) 


This  equation  is  said  to  be  valid  for  cases  in  which  the  dynamic  pressure  forces  are  much 
greater  than  either  viscous  or  surface  tension  forces  (high  Re  and  We)  and  actually  fits 
their  data  rather  well.  Unfortunately  their  drop  diameters  were  relatively  large  (> 
l(X)0p.m)  for  practical  combustion  systems. 


Hsiang  and  Faeth  (1992)  present  a  droplet  size  correlation  for  bag,  transition  (parasol, 
bag-stamen),  and  shear  for  Oh  <  0.1  and  We  <  10^  as  follows: 


^  =  6.2{p.  /  p)'"  VHo  /  (P.U^Do )  (0-24.) 

They  achieved  a  0.91  correlation  coefficient  fitting  their  data. 

Collins  and  Charwat  (1971)  analytically  derive  a  model  for  mass  loss  for  catastrophic 
breakup  which  requires  numerical  integration  of  the  governing  equations  as  a  function  of 
time.  They  obtained  excellent  agreement  with  data  from  Reinecke  and  McKay  (1969). 
Ranger  and  Nicholls  (1969)  have  developed  a  similar  technique  which  trends  correctly  but 
does  not  fit  their  data  that  well. 
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Critique  and  Recommendations 


Ferrenberg,  Hunt,  and  Duesberg  (1985)  have  suggested  that  atomization  data  available  to 
date  was  "largely  empirical  and  ad  hoc,  only  qualitatively  understood,  and  of  little  general 
utility."  They  attribute  this  to  the  great  complexity  of  the  atomization  process  and  the 
inaccuracies,  errors,  and  limitations  associated  with  drop  size  measurements.  The  "black 
box"  approach  ^plied  to  atomization,  in  general,  by  the  bulk  of  researchers  has  yielded 
practical  information  such  as  drop  size  distribution  as  a  function  of  spatial  coordinates  in 
the  spray  field  for  a  specific  atomizer  operating  under  specific  conditions  with  specific 
fluids.  Unfortunately,  extrapolation  of  the  correlations  developed  by  these  researchers  to 
different  atomizers  operating  under  different  conditions  with  different  fluids  has  proven 
unsatisfactory  in  most  cases. 

Diagnostic  advances  in  the  few  short  years  since  1985  have  done  much  to  improve  this 
seemingly  sorry  state  of  affairs.  Phase  Doppler  interferometry  has  been  applied  by  a 
number  of  researchers  to  quantitatively  characterize  spray  fields  in  many  practical 
situations  (i.e.,  McDonnel  and  Samuelsen,  1988).  Optical  pattemation  techniques  are  now 
being  developed  as  well  (i.e.,  Iguchi,  McDonnel,  and  Samuelsen,  1993).  Such  diagnostic 
improvements  have  led  researchers  to  now  consider  seemingly  obvious  parameters  such  as 
surface  finish  in  the  atomizer  hardware,  upstream  geometry  prior  to  injection,  and  the 
shape  of  volume  into  which  the  spray  is  introduced.  In  general,  the  physics  of  the 
atomization  process  is  now  being  examined  under  closer  scrutiny. 

Secondary  atomization  appears  to  be  qualitatively  understood  as  well,  yet  physical 
parameter  dependencies  have  been  developed  beyond  those  in  primary  atomization. 
Fortunately,  researchers  examining  secondary  atomization,  although  fewer  in  number, 
have  used  simple,  reasonably  weU  defined  experiments  in  attempts  to  understand  the 
physical  processes  involved.  Based  on  these  experimental  observations,  models  have  been 
developed  which  permit  better  understanding  of  the  associated  physics. 

While  the  types  of  breakup  are  reasonably  well  characterized,  the  conditions  under  which 
they  occur  are  not  weU  defined.  Characterizing  parameters  sometimes  vary  by  orders  of 
magnitude  in  the  transition  between  regimes.  Certainly  those  dimensionless  parameters 
outlined  previously  have  been  shown  to  be  useful  in  characterizing  the  breakup 
phenomena  in  specific  regimes,  but  a  well  defined  theory  has  yet  to  be  developed. 

The  transient  nature  and  history  dependence  of  the  drop  breakup  process  makes 
characterization  with  a  few  dimensionless  parameters  difficult  and  has  not  been 
investigated  adequately  since  it  was  discovered  in  the  early  50's.  Coupling  of  the  droplet 
internal  flow  field  with  its  associated  deformation  and  the  convective  external  flow  is 
realized  only  in  the  most  comprehensive  direct  numerical  simulations  of  full  Navier-Stokes 
finite  difference  models. 

Imaging  techniques  employing  high  speed  cinematography  and  painstaking  human  analysis 
of  the  resulting  frames  have  provided  early  glimpses  of  the  drop  breakup  process,  but  the 
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huitian  link  in  the  analysis  process  has  substantially  limited  progress.  Because  of  recent 
advances  in  laser  diagnostics,  a  great  deal  of  literature  on  spatial  drop  size/velocity 
distributions  on  various  atomizers  under  various  flow  conditions  is  available  for 
continuous  atomization  processes.  However,  because  of  the  small  time  scales  associated 
with  drop  breakup  and  temporal  resolution  available  from  most  current  diagnostic 
techniques,  an  equivalent  level  of  characterization  for  secondary  atomization  is  only  now 
being  developed. 

Recently  applied  holography  (Hsiang  and  Faeth,  1992)  and  high  speed  cinematography 
(Bastes  and  Sarauelsen,  1993)  with  microscopic  lenses  are  able  to  temporally  and  spatially 
resolve  the  drop  breakup  process.  Advances  in  computer  image  analysis  have  recently 
been  developed  to  provide  quantitative  image  analysis  for  these  techniques. 

The  parametric  mapping  of  regimes  of  breakup,  dynamic  response  characterization,  and 
temporally  and  spatially  resolved  examination  of  the  breakup  process  are  all  now  possible. 
Initially  experimental  efforts  will  lead  this  effort,  but  as  data  is  made  available  to  modelers, 
physical  understanding  of  the  observations  can  be  achieved.  Systematic  experimental 
examination  of  the  basic  processes  holds  the  key  to  understanding  the  global  processes  in 
secondary  atomization  and  ultimately  atomization  in  general.  The  aforementioned  advents 
in  imaging  diagnostic  techniques  should  go  a  long  way  to  effect  this  investigation. 
Similarly,  direct  numerical  simulation  of  the  fully  coupled  drop/free  stream  system  should 
aid  in  understanding  effects  that  cannot  be  easily  inferred  from  the  experiments. 
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APPENDIX  H  -  REVIEW  OF  PULSE  TECHNIQUES 


Over  the  past  30  years,  a  number  of  shock  tube  driving  techniques  have  been 
developed  to  extend  the  ranges  of  operation  of  shock  tubes.  These  techniques  can  be 
somewhat  arbitrarily  classified  into  the  following  categories;  1)  conventional  diaphragm, 
2)  electric  and  magnetic  field  interaction,  3)  detonation,  and  4)  unconventional  energy 
addition/wave  process  coupled  drivers.  The  objectives  of  these  techniques  are  varied  and 
include  maximizing  shock  velocity,  driven  gas  temperature,  pressure,  density,  driven  gas 
kinetic  to  static  energy  ratio,  uniformity  of  flow  field,  and  duration  of  test.  Many  of  these 
techniques  are  so-characterized  and  described  by  Warren  and  Harris  (1970). 

The  primary  objective  of  the  current  investigation  requires  that  the  pulse  simulate  the 
waveform  typically  associated  with  transverse  oscillations  in  a  liquid  rocket  combustion 
instability.  Secondary  objectives  include  variability  of  wave  strength  from  a  few  percent 
up  to  50  or  100  percent,  a  characteristic  N-wave  shape,  repeatable  amplitude  and  shape, 
good  definition  of  the  shock  induced  flowfield,  fast  turn-around,  low-risk  development, 
simplicity,  safety,  and  ease  of  implementation  and  fabrication.  The  various  techniques  are 
evaluated  based  on  these  criteria.  Specific  techniques  considered  are  briefly  described  and 
evaluated  as  follows. 

A  detonation  technique  employing  electrically  initiated  squibs  was  considered  and  has 
been  used  by  this  author  in  past  work  (Bastes,  1989).  While  attractive  due  to  its  simplicity 
and  ease  of  implementation  and  fabrication,  repeatability  is  not  acceptable  for  this 
application.  Other  disadvantages  are  shrapnel  and  contact  surface  interference  should  the 
initial  reflection  be  required  in  future  activities.  The  excessive  safety  procedures  required 
to  utilize  such  devices,  while  prudent,  are  also  quite  cumbersome.  Additionally,  the  ability 
to  vary  the  output  to  consistently  low  amplitudes  is  questionable.  Pulse  guns  and  piston 
pulsers,  as  commonly  used  for  stability  rating  of  liquid  rocket  engines  (Harqe  and 
Reardon,  eds.,  1972)  are  conceptually  similar  and  suffer  from  many  of  the  same  problems 
although  diaphragms  are  often  employed  with  the  explosive  device  to  improve  amplimde 
repeatability.  A  similar  concept  was  employed  recently  (Sharma  and  Park,  1990)  where  an 
exploding  wire  was  used  to  burst  a  diaphragm  in  an  arc-driven  shock  tube. 

Fast-acting  valves  have  been  successfully  employed  by  a  number  of  researchers  (Corat 
and  Trava-Airoldi,  1990;  Belousov  et  al.,  1988;  Lovejoy  and  Nesbitt,  1987;  Milora, 
Combs,  and  Foust,  1986;  Otis  and  Johnson,  1980;  Komar,  1978;  Gentry  and  Geise,  1978; 
Watters  and  Walters,  1977;  Kuswa,  Stallings,  and  Stamm,  1970;  Henins  and  M^sh^, 
1969).  All  of  these  valves  appear  to  be  specially  fabricated  for  the  particular  application 
however.  Lovejoy  and  Nesbitt  (1987)  were  the  only  researchers  to  modify  the  operation 
of  off-the-shelf  hardware.  Gentry  and  Giese  (1978)  employ  a  novel,  yet  simple,  design 
which  relies  on  electrical  charge  repulsion  to  flex  a  beam  whose  face  is  initially  sealed 
against  an  orifice,  however  the  mass  flow  is  insufficient  for  the  present  application. 
Henins  and  Marshall  (1969)  compressed  a  nylon  rod  against  an  orifice  with  a  hydraulic 
jack  and  released  it  to  produce  a  pulse.  Many  of  the  valve  techniques  sited  are  limited  to 
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very  small  mass  flowrates  (-  1  gram/sec.).  While  valve  techniques  are  believed  to  provide 
consistent  pulse  amplitudes  and  quick  turn-around  time  during  testing,  they  are  relatively 
untested  and  posed  a  development  risk.  In  addition  to  the  difficulty  in  obtaining  fast 
reaction  times  with  off-the-shelf  hardware,  excessively  high  pressure  volumes  are  requu-ed 
to  be  maintained  prior  to  pulsing.  This  requires  larger  valves  to  handle  the  high  pressure, 
which  slows  the  reaction  time  due  to  the  increased  mass  of  the  valve's  gate,  and  requires 
source  tanks  and  facility  hardware  to  contain  these  pressures,  which  greatly  reduces 
overall  facility  safety.  Additionally,  the  spool  valve  technique  described  by  Webber  (1959) 
and  conceptually  similar  to  that  of  Watters  and  Walters  (1977)  suffers  from  lack  of  a 
vendor  willing  to  fabricate  such  a  device  in  low  volumes,  even  though  it  requires  less 
machining  and  is  simpler  than  existing  designs.  Internal  fabrication  of  this  device  posed 
unnecessary  development  risk. 


Techniques  requiring  a  flowing  system  such  as  those  described  in  Harrje  and  Reardon, 
eds.  (1972),  Webber  (1959),  and  Lecourt  and  Foucaud  (1987),  as  opposed  to  a  shock 
tube  are  believed  to  add  unnecessary  complication  to  the  problem  at  hand  and  are  more 
appropriate  to  actual  hot-fire  rocket  engine  instability  investigations.  These  devices 
produce  repeated  pulses  and  include  the  siren,  like  the  Ling  transducer,  and  the  spinning 
cogged-wheel  techniques. 

A  burst  diaphragm  technique  was  found  to  have  associated  with  it  the  least 
development  risk  due  to  its  wide  use  (Warren  and  Harris,  1970;  Hammer  and  Agosta, 
1966;  Temkin  and  Ecker,  1989;  Brown,  1985;  Temkin  and  Mehta,  1982;  Temin  and  Kim, 
1980).  Although  turn-around  time  may  be  substantially  more  than  that  associated  vith 
valve-based  techniques,  other  activities  between  tests  associated  with  cleaning  windows, 
depressurization  of  the  shock  tube,  and  changing  film  in  the  drum  camera,  tend  to  be  the 
test  rate  controlling  activities.  Wave  amplitude  repeatability  of  the  device  in  the  present 
tests  is  consistent  with  that  reported  by  other  investigators. 
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1  jst  of  Symbols 

a  ^  acceleration 

Bo  =  Bond  number,  poaR^/tT o 

D  =  drop  diameter 

Oh  =  Ohnesorge  number,  \x^(PcP<^o)^ 

H  s  drop  radius 

Re  =  Reynolds  number,  pUreiD/fi 

I  =  lime 

Urel  =  relative  velocity  between  convective  flow  and  drop 

We  *  Weber  number,  pUtel^D/CTo 

ct  =  empirical  function  of  viscosity 

pL  =  molecular  viscosity 

p  density 

cr  =  surface  tension 

T  =  dimensionless  time 

Subscripts 
b  =  breakup 

cr  =  critical  value 

max  =  maximum  value 

o  =  drop  property 

=  gas  property 

Abstract 

Secondary  atomization  or  (drop  breakup)  can  occur  in  at 
least  three  different  manners  in  liquid  rocket  engine  combustion 
chambers:  1)  in  the  high  velocity  shearing  flow  field  in  the  near 
injector  region  of  a  shear  coaxial  injector,  2)  as  gases  expand  and 
accelerate  in  the  reaction  zone,  and  3)  during  combustion 
instability.  In  all  of  these  situations  the  convective  flow  relative  to 
the  droplet  can  be  quite  high  and  easily  simulated  in  the 
laboratory  by  a  shock  tube.  This  paper  presents  preliminary 
activity  in  the  undertaking  of  a  set  of  experiments  designed  to 
investigate  drop  breakup  by  the  convective  flow  field  associated 
with  the  passing  of  a  shock.  Topics  to  be  covered  include  the 
background,  previous  work,  the  apparatus,  the  diagnostic 
technique,  scaling  to  actual  rocket  engine  conditions,  and 
preliminary  results. 

1.  Introduction 

Motivalion 

In  liquid  rocket  engines,  primaiy  and  secondary  atomization 
processes  prepare  the  liquid  phase  for  vaporization  into  and 
mixing  with  the  gas  phase.  The  degree  of  sccondaiy  atomization 
determines  vaporization  and  mixing  rates  of  the  droplet  phase  in 
the  surrounding  gas.  In  dilute  sprays,  vaporization  is  typically 
found  to  control  the  mixing  rate.  In  some  dense  sprays,  however, 
sccondaiy  atomization  can  be  found  to  control  the  mixing  rate. 
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Secondary  atomization  typically  occurs  in  the  near  injector 
region  where  ligaments  of  liquid  break  off  from  a  jet  or  sheet  and 
then  further  breakup  as  they  are  sheared  by  co-flowing  gas. 
Another  source  of  drop  breakup  is  the  reaction  induced  expansion 
of  the  combustion  gases  which  rapidly  accelerate  relative  to  any 
unburned  propellant  droplets.  As  a  liquid  droplet  breaks  apart 
more  of  the  surface  area  per  unit  volume  of  that  phase  is  available 
for  the  vaporization  process  and  the  liquid  is  distributed  about  a 
larger  volume.  Thus  in  addition  to  primary  atomization, 
secondary  atomization  can  directly  effect  the  distribution  of  the 
liquid  phase  and  therefore  the  local  gas  properties  such  as  mixture 
ratio  of  the  flow  field.  The  resulting  drop  size  and  spatial 
distribution  affects  bow  rapidly  the  mixture  can  be  expected  to 
react,  where  it  will  react  relative  to  the  injection  point  and  w*ai 
length  of  combustor  is  required  to  contain  the  reaction. 

In  combustion  instability  in  liquid  rocket  engines,  secondary 
atomization  may  play  a  role  in  sustaining  the  instability.  In  high 
frequency  combustioo  instabflity  for  such  ^tems,  a 
spontaneously  generated  shock  wave  can  cause  propellant  dit^)lets 
to  shatter  with  a  consequence  trf  more  rapid  vaporization  and 
combustion.  When  the  associated  heat  release  is  sufficiently  in 
phase  with  the  pressure  wave,  such  an  instability  can  develop. 
Here,  secondary  atomization  may  play  an  indirect  role  in 
providing  a  vaporized  liquid  propellant  to  the  gas  phase  for 
combustion  in  phase  with  the  passing  wave.  If  the  fluctuatiem  of 
energy  release  responding  to  a  pressure  disturbance  causes  a 
further  change  of  pressure  in  phase  with  the  initial  disturbance, 
then  the  result  may  be  an  instabflity.^  High  frequency  acoustic 
combustion  instabilities  can  result  in  severe  hardware  damage  due 
to  the  high  |wessure  amplitudes  and  accelerated  heat  transfer 
rates.  High  amplitude  pressure  waves  can  cause  structural  failure, 
and  the  high  heat  transfer  rates  can  cause  excessive  erosion  of  the 
combustion  chamber  walls;  both  of  which  may  result  in 
catastrophic  failure  of  the  rocket  engine  as  well  as  the  vehicle. 
Additionally,  design  provisions  for  combustion  instability  tend  to 
reduce  performance  and  increase  costs. 

A  further  complication  in  liquid  rocket  engines  is  that  in 
most  engines  the  liquid  of  which  the  droplets  are  composed  is 
injected  at  pressures  above  the  critical  pressure.  The  critical 
pressure  of  oxygen,  for  example,  is  about  730  psia  and  typical 
chamber  pressures  range  between  500  and  6000  psia.  While  the 
critical  pressure  for  the  hydrogen/oo^gen  sfystem  typically  present 
in  rx)ckct  engine  combustion  chambers  can  be  substantially  more 
than  critical  pressure,  it  is  important  to  note  that  the  convective 
flow  field  may  act  prior  to  the  liquid  propellant  achieving 
thermodynamic  equilibrium. 

In  the  environment  of  a  liquid  rocket  engine  secondary 
atomization  occurs  when  a  convective  field  acts  to  break  up 
already  formed  droplcls  which  have  been  created  in  the  primaiy 
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atomization  process.  This  interaction  can  cause  one  or  more  of 
the  following  to  occur. 

1.  Transverse  motion. 

2.  Reorientation  of  the  internal  Hill’s  spherical  vortcx. 

3.  Aerodynamic  deformation. 

4.  Oscillation, 

5.  Surface  wave  formation. 

6.  Ligament  formation  and  breakup  into  smaller  droplets. 

7.  Stripping  of  small  drops  from  the  original  droplet. 

8.  Total  disintegrati(Mi  of  the  original  droplet. 

9.  Greatly  enhanced  evaporation  from  both  the  original 
droplet  and  smaller  drops  which  are  stripped  from  it. 

10.  Collision  with  neighboring  droplets  with  associated 
motion,  dynamics,  breakup,  and/or  coalescence. 

Ultimately  each  of  these  processes  enhances  the  vaporization 
rate  by  providing  additional  liquid  surface  area  so  that  gas  phase 
combustion  can  occur. 

Questions  and  issues  of  primary  interest  in  attempts  to 
understand  and  model  breakup  phenomena  include: 

1.  How  does  breakup  occur? 

2.  Under  what  flow  conditions  does  it  occur? 

3.  How  is  the  drop  deformed  and  what  is  its  drag  coefficient 
histoiy  prior  to  breakup? 

4.  How  long  docs  the  process  take? 

5.  At  what  rates  docs  breakup  or  stripping  occur? 

6.  What  drop  sizes  arc  produced  and  what  influences  these 
drop  sizes? 

7.  How  are  the  daughter  droplets  distributed  in  the  flow 
field  and  what  are  their  velocities? 

II.  Background 

Previous  Reviews 

While  there  is  a  substantial  portion  of  the  literature  devoted 
to  atomization  in  general,  secondary  atomization  is  usually 
considered  a  subset  thereof.  Thus  reviews  of  atomization  usually 
include  sections  on  secondary  atomization.  Ferrenberg  ct  al. 
contains  the  most  recent  such  review.  Lapple  ct  al.,  while  dated, 
is  comprehensive  and  also  contains  a  section  on  secondary 
atomization.  Hinze^  has  reviewed  early  work  specific  to  drop 
breakup,  while  more  recent,  yet  still  relatively  dated  renews, 
include  those  of  Forsnes  and  Ulrich,^  and  Lana  and  Klikoff. 

Characterizing  Parameters 

In  addition  to  classical  dimensionless  parameters  used  to 
characterize  secondary  atomization  such  as  Re,  We,  Bo,  and  Oh, 
dimensional  analysis  also  yields  a  dimensionless  time  to  breakup 
of  the  form, 

Tb=  (p/po)^^Ureltb^-  1) 

Although  the  definition  of  breakup  time  is  somewhat 
ambiguous  or  at  times  ignored  in  the  literature,*’  it  is  typically 
defined  as  the  time  elapsed  from  the  point  of  exposure  to  the 
beginning  of  disintegration,  the  time  required  for  disintegration, 
or  the  sum  of  these.  In  this  discussion,  the  sum  is  considered. 
Liang  et  al.®  summarize  most  existing  data  and  correlations  of 
dimensionless  breakup  times,  Tb  as  a  function  of  We  over  all  the 


known  breakup  regimes.  The  dimensionless  breakup  limes  ran^e 
over  an  order  of  magnitude  with  values  varying  from  0.5  to  5.0. 

Hinze^^  postulated  the  existence  of  a  critical  Weber  number 
above  which  breakup  would  occur.  While  a  critical  quantity 
should  be  unique  by  definition,  values  over  one  and  a  half  orders 
of  magnitude  (from  1  to  about  50)  are  routinely  given  in  the 
literature.  Hinze^  modified  his  original  Weber  criteria  to  include 
the  effect  of  viscosity  and  found  the  equivalent  of 

Wecr=  C(1  +  aOh).  2) 

Correspondingly  in  a  review,  Luna  and  Klikoff'  suggested 
that  a  Weber  number  corrected  for  liquid  viscosity  and  the 
variation  in  flow  duration  with  time  is  the  criterion  for 
evaluating  drop  breakup.  Recently,  Kreezkowski^^  has  proposed 
that  the  breakup  mode  is  controlled  by  Wc,  Oh  and  liquid/gas 
viscosity  ratio,  which  is  also  consistent  with  Equation  2.  Hsiang 
and  Facth^^  have  recently  observed  that  higher  Weer  are  found  as 
Oh  increases  which  is  consistent  with  the  findings  of  Hinze  and 
Kreezkowski. 

Rabin  ct  have  suggested  that  the  acceleration  applied  to 
the  droplet  as  well  as  the  duration  of  the  flow  have  the  greatest 
bearing  on  the  breakup  phenomena.  Luna  and  Klikoff  indicate 
in  their  review  that  drop  breakup  requires  sufficient  flow  duration, 
and  thus  Wccr  is  necessary,  but  not  sufficient  to  obtain  breakup. 
To  account  for  this  apparent  transient  dependence.  Bo  has  been 
found  to  characterize  the  time  over  which  the  droplet  deforms  and 
breaks  up  for  low  Oh  droplets  and  the  type  of  breakup  and  critical 
Weber  number  were  found  to  be  strongly  influ^ced  by  the 
duration  and  velocity  of  flow  behind  the  shock  wave. 

The  time  varying  external  forces  d  pressure,  frictional  drag, 
and  body  forces  applied  to  the  droplet  as  it  deforms  apparently 
determine  how  the  breakup  process  occurs.  Characteristic  times 
associated  with  deformation,  oscillation,  flow  duration,  surface 
wave  period,  and  others  ultimately  control  this  process. 

Types  of  Breakup 

There  have  been  three  basic  types  of  droplet  breakup 
observed,  "bag",  "shear,  and  "catastrophic".  Others  described  in 
the  literature  appear  to  be  transitional  or  combinations  of  varying 
degrees  of  these  three  basic  types. 

Borisov  ct  al.^^  has  suggested  criteria  for  breakup  by  these 
different  mechanisms  as  follows: 

"bag"  breakup:  8  <  Wc  <  40 

0.2  <  WeRc-®*^  <  1.6  3) 

"shear"  breakup:  20  <  Wc  <  2  x  10^ 

1  <  WcRc“®*^  <20  4) 

"catastrophic"  breakup:  2  x  10^  <  Wc  <  2  x  10^ 

20<  WcRc“^*^<2xl(r  5) 

The  bag  type  of  breakup  is  characterized  by  deformation  of 
the  droplet  into  an  ellipsoid  with  its  semimajor  axis  perpendicular 
to  the  flow  direction.  As  the  droplet  flattens,  its  radius  of 
curvature  increases  and  the  stagnation  pressure  is  felt  over  a 
larger  area.  Eventually  an  unstable  situation  is  achieved  whereby 
the  center  of  the  drop  is  pushed  downstream  of  the  outer  edge 
forming  a  thin  membrane  in  the  shape  of  a  bag  or  parachute  with 
the  outer  edge  forming  an  annular  ring  of  fluid  with  the  bulk  of  the 


liquid  mass.  The  bag  bursts  creating  a  fine  mist  of  droplets 
followed  by  failure  of  the  annular  ring  breaking  into  larger 
droplets.  Bag  type  breakup  typically  occurs  at  Weber  numbers 
just  above  critical  values  and  requires  that  the  flow  duration  be 
applied  significantly  longer  than  required  in  shear  or  catastrophic 
breakup.  Photographic  evidence  of  this  mode  of  breakup  is  widely 
available,  (i.c.,  Krzeezkowski^^  and  Rabin  el  al.^  ) 

The  shear  type  of  breakup  is  believed  to  be  most  important 
in  liquid  rocket  engine  flow  regimes.  It  is  characterized  by 
deformation  of  the  droplet  into  a  lenticular  shape  due  to  the 
pressure  difference  between  the  windward  and  leeward  sides  with 
small  waves  forming  on  the  windward  side  and  liquid  bom  the 
crests  of  these  waves  being  eroded  off  by  aerodynamic  shear  and 
capillary  wave  breakup  and  is  typically  attributed  to  Kelvin- 
Helmholtz  instability.  The  droplets  which  compose  the  mist  are  so 
small  that  they  tend  to  follow  the  streamlines  in  *he  wke  of  the 
original  drop.  This  type  of  breakup  occurs  for  0(l(r)  <  Bo  < 
O(IO^).  Photographic  evidence  of  this  mode  of  brakup  is  al» 
widely  available,  (i.e.,  Ranger  and  Nicholls,  Gordon, 
Krzeezkowski,^^  and  Rabin  et  al.^^ 

The  catastrophic  type  is  characterized  by  rapid  growth 
of  surface  waves  on  the  windward  face  of  the  droplet  with  abrupt 
disintegration  of  drop  before  significant  distortion  or  stripping. 
This  is  attributed  to  growth  of  acceleration  waves  induced  by  the 
rapid  convective  flow  about  the  drop  and  is  also  known  as  the 
Rayleigh-Taylor  mstability  regime.  This  behavior  is  observed  at 
Bo  >  O(IO^).  Reineckc  and  Waldman^^  used  an  X-ray 
absorption  technique  which  yielded  microdensitometry  traces  on 
X-ray  plates  to  determine  rate  parameters  associated  with  the 
droplet  mass. 

Diagnostic  Techniques 

Diagnostic  techniques  for  study  of  secondary  atomization 
phenomena  have  typically  employed  use  of  high  speed  framing 
cameras  to  obtain  images  for  qualitative  analysis  of  the  process. 
Shock  tubes^*^^’^^'^^  or  tubes  through  which  a  gas  stream  is 
passed^  ^  are  the  test  articles  of  choice.  Techniques  for 
introducing  the  drop  to  these  flows  include  suspension  of  pendant 
droplets  from  capillary  tubes  and  wires,  acoustic  levitation, 
solenoidal  retraction  of  a  wire  with  a  pendant  drop  on  its  tip,  and 
injection  into  the  gas  stream  by  a  drop  generator. 

More  recently,  holography  has  been  employed  to 
product  droplets  of  the  secondaiy  atomization  process*^’  and 
computer  aided  image  analysis  applied  to  size  the  product 
droplets. 


III.  Experiment 

Description 

In  this  effort,  the  secondary  atomization  process  is  observed 
by  injecting  drops  with  a  drop  generator  transversely  to  the  bore 
of  a  shock  tube  and  creating  a  shock  which  propagates  through  the 
drop  path.  The  shock  tube  is  operated  at  atmospheric  conditions, 
although  provisions  exist  for  operating  at  up  to  60  atmospheres. 
For  a  single  set  of  test  conditions,  a  sequence  of  still 
shadowgraphs  of  the  breakup  event  are  taken  at  progressively 
longer  delay  periods  after  the  shock  passing. 

Scaline 

Appropriate  scaling  is  extremely  important  in  this  effort. 
Due  to  the  nature  of  the  liquid  rocket  engine  combustion  chamber 


environment,  relatively  little  is  known  about  the  behavior  of  fluids 
at  these  conditions. 

The  shock  tube  experiments  proposed  for  study  of  secondary 
atomization  are  designed  to  observe  how  drops  of  varying  sto 
breakup  when  subjected  to  convective  fields  of  very  high  velocity. 
In  order  to  extend  these  observations  to  what  might  be  typical  in 
an  actual  liquid  propellant  rocket  engine,  experimental  patamctcR 
and  conditions  are  specified  as  follows: 

1.  Drop  sizes  will  be  varied  over  a  range  believed  to  be 
characteristic  of  a  typical  rocket  engine  (50-500  microns). 

2.  Pressure  wave  amplitudes  will  be  varied  to  obtain 
convective  flow  velocities  to  hundreds  of  meters  per 
second. 

3.  The  fluids  for  the  droplet  and  the  ambient  gas  will  be 
selected  to  be  similar  in  relationship  to  each  other  as 
those  of  a  typical  rocket  engine. 

A  typical  rocket  engine  for  purposes  of  the  above 
specifications  is  considered  to  be  akin  to  the  Space  Shuttle  Main 
Engine  (SSME)  or  engine  designs  being  considered  for  the 
National  Launch  System  (NLS)  program.  These  engines  typically 
employ  coaxial  injector  elements  with  liquid  hydrogen  and  liquid 
oxygen  as  the  propellants  and  operate  at  chamber  pressures 
approaching  3000  psia.  While  some  engines  operate  at  conditions 
in  which  the  droplet  fluid  is  at  subcritical  conditions,  for  the  newer 
high  chamber  pressure  rocket  engines,  liquid  oxygen  is  typically 
introduced  at  supercritical  conditions. 

Prudent  cjqxrimental  practice  indicates  that  the  relative 
effects  of  selected  study  parameters  should  be  studied 
independently  so  that  their  relative  sensitivity  to  the  phenomena 
can  be  assessed.  Due  to  the  limited  nature  of  the  proposed 
experiments,  a  number  of  judgements  regarding  the  relative 
impoitancc  of  such  parameters  is  required  "a  priori".  A  factorial- 
style^®  test  matrix  can  then  be  developed  based  on  these 
parameter  relevance  estimates.  In  the  initial  experiments,  efforts 
to  simplify  the  experiment  and  the  flow  field  arc  necessary,  as 
deconvolution  of  these  effects  is  essential  to  any  successful 
modeling  effort  undertaken. 

Drop  Generation 

Several  drop  generation  techniques  will  be  applied  for  this 
effort  due  to  the  various  drop  configurations  anticipated.  The 
classic  Bcrglund-Uu  (used  in  tests  prescnicd  here)  and  more 
recently  developed  Dressier^  type  drop  generators  will  be 
employed  where  inierdrop  spacing  effects  are  deemed 
insignificant  with  the  drop-on-demand  (DOD)  drop  generator  ty 
Switzer^  reserved  for  conditions  where  interdrop  spacing  effects 
are  believed  significant.  At  high  pressures,  a  capillary  tube  with 
annular  coflowing  gas  due  to  Peterson^^  is  believed  necessary  to 
avoid  breakup  upon  injection  where  the  higher  density  gas  into 
which  the  droplet  is  injected  significantly  increases  We. 
Compressibility  effects  on  piezoelectric  crystals  are  suspect  as  well 
at  these  higher  pressures. 

Shock  Tube 

The  double  diaphragm  shock  tube  to  be  used  for  this  effort  is 
square  in  ciosscclion  (r  x  2^  and  capable  of  holding  pressures  to 
1000  psia  in  the  driven  section  and  3000  psia  in  the  driver  section 
(see  Figure  1  for  a  system  schematic  with  diagnostic  orientation). 
This  will  permit,  for  instance,  breakup  phenomena  to  be  observed 
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vrith  an  ambient  pressure  of  650  psia  with  the  droplet  subjected  to 
a  50%  wave.  Tbe  driven  section  is  36"  in  length  and  provides  a  t«t 
time  of  approximately  3  ms  in  the  uniform  flow  region  behind  the 
shock.  Tlie  test  section  provides  a  station  where  droplets  arc 
introduced  into  the  bore  of  the  shock  tube,  collected  liquid  is 
removed,  and  viewports  are  placed  to  fully  view  the  sccon  ary 
atomization  process.  The  design  of  the  test  section  also  maintains 
consuncy  of  the  r  by  r  crossection  to  minimize  reflections  from 
test  section  internal  surfaces  which  could  advereely  affect  the 
tractability  of  the  flow  field.  Provisions  for  location  of  pressure 
transducers  before  and  after  the  drop  injection  station  are  also 
made.  The  modularity  of  the  test  section  provides  for  easy 
modification  for  any  future  efforts. 


coma  VAMM  LASER 


VfRT  CAMERA 


Figure!.  Shock  tube  experiment  schematic. 

Diagnostics 

For  these  experiments,  still  35  mm  photography  (Pentax, 
35mm  ME  Super)  with  a  copper  vapor  laser  (Oxford  Model  CU- 
lOA)  light  source  and  a  6X  F/2.8  long  disUnce  microscopic  lens 
(Infinity  Model  K-2  with  CF-3  objective)  will  provide  detailed 
images  of  the  event.  Piezoelectric  pressure  transducers  (PCB 
Model  113A21)  will  measure  the  pressure  histoiy  and  help 
characterize  the  flow  field  experienced  by  a  drop  during  the  event. 

The  copper  vapor  laser  provides  sufficient  pulse  energy  (0.1- 
1  mJ)  for  photographic  illumination  and  short  pulse  duration  (20- 
30  nanoseconds)  to  minimize  image  smearing.  For  example,  a  10 
micron  droplet  traveling  at  100  m/s  moves  one  forth  of  its 
diameter  during  a  25  nanosecond  puke. 

A  schematic  showing  the  diagnostic  strategy  is  shown  in 
Figure  2.  For  the  still  shadowgraphs,  the  laser  is  turned  off,  the 
camera  shutter  opened,  and  the  shock  initiated.  Based  on 
detection  of  the  shock  by  the  pressure  transducer  a  preset  delay 
elapses  at  which  time  the  laser  pulse  is  fired  and  the  shutter  on  the 
camera  is  then  closed. 

Measurements 

Quantitative  measurements  which  can  be  made  ate  wave 
pressure  history,  drop  character,  and  product  or  stripped  drop 
character.  Qualitative  measurements  which  can  be  made  include 
observations  of  breakup  mode,  drop  deformation,  ligament 
formation,  and  surface  wave  formation.  Photographic  analysis  wll 
be  used  to  make  topological  quantitative  and  qualitative 
measurements.  The  pressure  history  of  the  wave  is  to  be 
measured  by  high  frequency  response  piezoelectric  pressure 


transducers  and  the  associated  velocity,  temperature,  and  density 
field  deduced  from  simple  1-D  compressible  flow  relations. 

Adaptability  of  Data  to  Modeling  Effort 

Development  of  a  suitable  model  for  study  of  secondary 
atomization  in  liquid  rocket  engines  requires  descriptions  at  both 
sub-  and  supercritical  conditions,  examination  of  the  atomization 
physics,  quantization  of  the  breakup  process,  highly  resolved 
temporal  and  spatial  measurements,  and  response 
characterization  over  a  large  range  of  flow  conditions. 

The  systematic  approach  to  this  effort  provides  for 
concurrent  experimentation  and  model  development.  Because 
current  modeling  and  previous  experimental  work  has  only  been 
done  at  subcritical  droplet  fluid  conditions,  the  bulk  of  the 
experimental  effort  will  be  done  at  these  conditions.  Hie  facility 
described  here  will  permit  detailed  experimental  observation  of 
the  secondary  breakup  process.  This  will  permit  the  model  to  be 
developed  from  a  mote  physical  and,  therefore,  fundamental  bwis. 
With  this  basis  firmly  established,  extension  to  supercritical 
conditions  can  then  be  undertaken.  The  experimental  effort  seeks 
to  provide  some  limited  dau  at  supercritical  conditions  to  provide 
a  physical  basis  for  the  model  at  these  conditions. 

The  experiments  presented  here  are  designed  to  support 
model  development  and  help  verify  model  accuracy.  Together,  the 
experiment  and  theory  will  help  us  to  understand  the  physics 
associated  with  secondary  atomization.  Future  ei^rimental 
effort  may  be  suggested  by  theory,  thus  permitting  further 
refinement  of  the  model. 


Figure  Z  Shadowgraph  diagnostic  strategy. 

TV  Rpjiiilts  and  Discussion 

Preliminary  still  shadowgraphs  of  the  breakup  process  were 
taken  during  shock  tube  characterization  tests.  A  sequence  of 
these  at  a  magnification  of  approximately  8  is  shown  in  Figure  3. 
The  times  are  measured  from  the  time  at  which  the  shock 
impinges  on  the  drop  stream.  Characterizing  data  for  this 
sequence  is  as  follows: 

Drop  liquid  -  methanol 
Drop  diameter,  D=  180  jtm 
Ambient  fluid  -  air 
Ambient  pressure^  1  atm 
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Ambient  tcmpcrature=  70  F 
Shock  strength^  135 
Rcmax=  1150 
Wcniax=  70 

Oh=  0.01 

Based  on  these  values,  the  mode  of  breakup  is  found  to  be  in 
the  shear  mode  according  to  Equation  4,  but  is  characterized  as  an 
intermediate  between  n«g"  and  ^hcaf*  or  "multimode"  breakup 
by  Hsiang  and  Facth.^^  Analysis  of  the  photos  indicates  the 
stripped  droplet  sizes  decrease  from  approximately  30  \Lm  at  120 
pis  to  12  pim  after  210  fXs,  The  breakup  time,  Tb  seems  to  be  a 
very  subjective  quantity  and  arguments  could  be  made  for  values 
of  lb  from  270  fJLs  up.  Another  interesting  calculation  revealed 
that  the  volume  of  the  apparent  chord  of  a  sphere  at  60  p-s  is  just 
that.  Interdrop  spacing  is  initially  about  1.4  diameters  which 
appears  to  be  insufficient  lo  eliminate  interaction  between 
adjacent  droplets. 

Conclusions 

The  preliminary  photographic  dau  presented  here 
i^resents  the  type  of  images  available  through  recent  advances  in 
imaging  using  a  copper  vapor  laser  light  source.  The  facility 
described  has  been  developed  to  continue  the  task  of  mapping 
regimes  of  secondary  breakup,  dynamic  response  characterization, 
and  temporally  and  spatially  resolved  eiamination  of  the 
secondary  breakup  process  for  liquid  rocket  engine  applications. 
Initially  experimenta!  efforts  will  lead  this  effort,  but  as  data  is 
made  available  to  modelers,  physical  understanding  of  the 
observations  can  be  achieved.  Systematic  escperimental 
examination  of  the  basic  processes  holds  the  key  to  understanding 
the  global  processes  in  secondary  atomization  and  ultimately 
atomization  in  general. 
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Figure  3.  Shadowgraphs  of  180  |Xni  methanol  drop  stream  subjected  to  35%  shock  with  30  fis  interframe  spacing. 
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Abstract 

Liquid  fuels  are  commonly  used  in  the  propulsion  of  ramjets  and  rockets.  They  offer  great 
flexibility  in  terms  of  controlling  the  rate  of  energy  release.  However,  combustion  instability 
has  historically  been  a  major  problem  in  the  development  of  liquid  fuelled  ramjets  and 
rockets.  Previous  investigations  which  employed  a  simplified  droplet  vaporization  model 
indicated  that  droplet  vaporization  is  indeed  capable  of  driving  an  instability.  In  this  study, 
an  established  droplet  vaporization  model  has  been  used  to  mahe  an  exact  evaluation  of 
the  effects  of  pressure  and  velocity  oscillations  on  the  vaporization  process  and  then  to 

“Research  Assistant 

^PostdoctoreJ  Associate 

t  Professor  of  Mechanical  and  Aerospace  Engineering,  Fellow  AIAA. 

K2 


determine  whether  droplet  vaporization  is  capable  of  driving  combustion  instability.  In 
addition,  a  parametric  study  has  been  conducted  by  using  various  frequencies  of  oscillation 
and  amplitudes  of  fluctuation  for  the  longitudinal  mode.  Depending  on  the  local  relative 
velocity  between  the  gas  and  the  droplet  it  is  possible  that  the  wake  may  be  ahead  of  the 
droplet  or  behind  the  droplet,  with  reference  to  the  chamber.  This  phenomenon  has  also 
been  included  in  the  parametric  study.  It  has  been  found  that  droplet  vaporization  is  indeed 
capable  of  driving  instability  in  some  frequency  domains  and  preliminary  results  show  that 
the  amplitude  of  the  oscillation  does  not  have  very  significant  effects  on  the  response  factor 
of  the  system. 

N  omenclatur  e 


a  d^ld'o,  instantaneous  radius 

c'  speed  of  sound 

G  response  factor 

P  (P'  -  P'oo)liPg,ooULfi%  pressure 

T  T'fT^,  temperature 

U  U' horizontal  component  of  velocity 

V  vertical  component  of  velocity 

Yi  mass  fraction 

z'  axial  location 

time 
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p 


P'l{p's,ooUL,o%  pressure  fluctuation 

vaporization  rate  fluctuation 


Greek  Symbols 


A' 
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<i> 


THs 


amplitude  of  oscillation 
wavelength 
specific  heat  ratio 
starting  phase 
viscosity  of  gas  phase 

t'p'g^l{0''oP'goo)i  gas-hydrodynamic-diffusion  time 


Subscripts 


oo  conditions  at  the  free  stream 

/  fuel 

h  droplet  heating 

p  pressure 

po  position 

r  radial  direction 

t  time 
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u  velocity 

z  axial  direction 


Superscripts 

/  dimensional  quantity 

Steady  value 


Introduction 

Combustion  instability  has  plagued  liquid  rocket  development  programs  since  the  early 
fifties.  Indeed,  instabilities  have  been  observed  in  almost  all  devices  that  involve  combustion 
in  a  chamber  and  subsequent  energy  release  because  any  enclosed  chamber  has  an  infinite 
number  of  resonant  modes  of  oscillation.  Depending  on  the  frequency  and  mode,  varying 
levels  of  damage  may  be  sustained.  The  spontaneous  onset  of  instability  in  the  combustion 
chamber  usually  augments  heat  transfer  rates  in  the  combustion  chamber  and  can  sometimes 
cause  vibration  levels  in  excess  of  1000  g.^ 

In  recent  times,  there  has  been  a  renewed  interest  in  the  study  of  combustion  instability 
mechanisms  in  an  effort  to  find  a  reliable  method  to  predict  the  occurrence  of  this  phe¬ 
nomenon  in  a  particular  liquid  rocket  combustor.  There  is  reason  to  believe  that  instability 
may  be  understood  by  studying  the  vaporization  process.^"®  Droplet  vaporization  research 
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has  also  made  notable  headway  in  the  last  decade  and  is  now  a  highly  developed  science.^ 
A  large  amount  of  time  and  resources  have  been  invested  in  accurate  modelling  of  droplet 
vaporization.  Experimental  results  have  been  used  to  validate  the  new  theories  and  as  a 
result,  substantial  insight  has  been  gained  in  droplet  vaporization  theory.  It  is  now  possible 
to  use  more  accurate  vaporization  models  to  study  the  effect  of  an  unstable  atmosphere  on 

a  vaporizing  droplet. 

Experimental  evidence  shows  that  the  combustion  in  a  liquid  propellant  rocket  combus¬ 
tion  chamber  is  never  perfectly  smooth.  The  liquid  rocket  engine  is  susceptible  to  instabilities 
because  it  only  takes  a  small  fraction  of  the  total  energy  released  to  sustain  an  unstable  mode 
of  operation  and  the  nearly  closed  nature  of  the  system  prevents  it  from  resisting  the  oscil¬ 
lations.  For  this  reason,  the  supply  of  energy  from  the  transient  combustion  process,  which 
is  in  phase  with  the  wave  motion,  sustains  the  oscillations  in  this  closed  loop. 

Design  of  a  combustion  chamber  that  would  minimize  the  coupling  between  the  combus¬ 
tion  and  the  fluid  mechanics  would  require  a  thorough  understanding  of  the  mechanism  of 
combustion  instability.  Such  an  understanding  would  permit  lowering  of  rocket  engine  de¬ 
velopment  costs  and  would  allow  the  design  of  intrinsically  stable,  high  performance  liquid 
rocket  engines.^’ 

It  is  known  that  the  driving  force  behind  combustion  instability  is  the  energy  input  from 
the  combustion  process.  The  Rayleigh  criterion  is  the  most  commonly  used  criterion  to 
determine  if  a  particular  mechanism  is  capable  of  driving  the  combustor  into  an  unstable 
mode  or  not.  The  Rayleigh  criterion  may  be  stated  as:  a  mechanism  can  drive  the  instability 
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if  the  associated  burning  rate  oscillates  with  the  proper  combination  of  a  large  enough 
amplitude  and  a  small  enough  phase  lag  with  the  pressure  oscillation. 

The  time  lag  theory  was  first  applied  to  combustion  instability  problems  by  Crocco  and 
his  colleagues  at  Princeton.  Time  lag  models  have  been  used  with  some  success  in  the  study 
of  combustion  instability.^^"^®  These  models  are  based  on  the  fact  that  there  is  a  finite 
time  delay  between  the  introduction  of  the  fuel  into  the  combustion  chamber  and  the  actual 
combustion  process  resulting  in  energy  release  and  if  a  small  pressure  pulse  is  applied  to  a 
steadily  burning  propellant,  the  regression  rate  will  take  a  certain  amount  of  time  to  reach 
its  new  steady  value.  However,  time-lag  approaches  are  useful  for  a  first  look  at  instability 
but  more  detailed  analyses  of  the  flow  are  better.^^ 

Efforts  to  understand  liquid  rocket  instability  have  typically  been  based  either  on  an 
acoustic  analysis  or  an  analysis  of  the  vaporization  process.  Crocco  and  his  researchers  de¬ 
veloped  the  time  lag  theory  which  is  based  on  the  time  delay  in  the  combustion  process.^^’^^’^® 
The  n-T  model  accommodates  both  transverse  and  longitudinal  mode  waves  and  uses  both 
linear  (small  perturbation)  and  non-linear  analysis  for  finite  amplitudes.^  This  theory  has 
its  limitations  in  that  it  treats  mainly  one-dimensional  mean  flow  cases.  The  time  lag  theory 
was  first  applied  to  nonlinear  behavior  by  Sirignano.^®  There  has  been  extensive  work  on 
the  time  lag  theory  and  it  has  been  modified  to  include  other  physical  phenomenon  like 
shock  waves.  Acoustics  played  a  crucial  role  in  the  instability  phenomenon  as  was  indicated 
by  the  resemblance  between  the  frequency  of  the  oscillations  and  the  acoustic  modes  of  the 
combustor.  There  was  thus  an  interest  in  the  problem  of  acoustic  resonance. 
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Classical  droplet  vaporization  theory  is  founded  in  the  well  known  <P  law.  However,  this 
analysis  assumes  that  the  droplet  is  travelling  at  the  velocity  of  the  gas  and  that  there  is 
spherical  symmetry.  It  is  known  that  this  theory,  though  well  formulated,  has  rather  limited 
applications.  The  relative  motion  between  the  droplet  and  the  ambient  gas  (which  is  non 
zero  in  most  cases)  leads  to  an  increzise  in  the  heat  and  mass  transfer  rates.  It  is  known 
that  for  droplets  with  initial  radius  of  twenty  five  microns  and  greater,  the  time  for  velocity 
relaxation  due  to  drag  is  comparable  or  greater  than  the  droplet  lifetime.^  These  and  other 
effects  like  internal  circulation,  neglected  by  the  classical  droplet  vaporization  theory,  lead  to 
considerably  smaller  characteristic  lengths  and  times  for  liquid-phase  heat  and  mass  transfer. 
The  strong  coupling  between  the  drag,  heat  transfer,  mass  transfer,  relative  droplet  velocity 
and  internal  circulation  necessitates  a  numerical  solution. 

Strahle^®  studied  unsteady  droplet  combustion  in  1960  using  a  linear  model.  He  used 
an  infinite  conductivity  model  and  hence  neglected  the  thermal  wave  within  the  droplet. 
The  assumption  of  infinite  liquid  conductivity  meant  zero  liquid  thermal  inertia  and  this 
prevented  the  droplet  from  responding  to  the  ambient  oscillations.^®  This  yielded  results 
that  did  not  suggest  that  vaporization  was  a  candidate  driving  mechanism  for  instability. 
The  assumption  of  infinite  thermal  inertia  was  relaxed  by  Priem  and  Heidman  by  the  use  of  a 
uniform  temperature  assumption.^®  This  resulted  in  an  overestimation  of  the  liquid  thermal 
inertia.  However,  they  successfully  demonstrated  that  vaporization  did  affect  stability  and 
that  it  could  be  controlled  by  varying  the  vaporization  process  parameters.^®’ However, 
the  amplitude  of  the  response  was  not  sufficient  to  drive  the  instability.  Tong  and  Sirignano 
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used  &  more  exact  one-dimensional  droplet  model  and  examined  the  response  of  a  vaporizing 
droplet  to  oscillating  ambient  pressure  and  velocity  conditions/  They  examined  the  effect  of 
both  standing  and  travelling  waves.  The  use  of  more  reasonable  assumptions  demonstrated 
that  droplet  vaporization  under  oscillatory  conditions  was  capable  of  driving  instability.  The 
component  of  the  vaporization  rate  in  phase  with  the  pressure  was  found  to  be  larger  for  a 
travelling  wave  than  for  the  stationary  wave.  The  model  assumed  that  vaporization  was  rate 
controlling  and  that  mixing  and  chemical  reactions  were  very  rapid.  In  addition,  a  quasi¬ 
steady  gas-phase  behavior  was  assumed.  Internal  circulation  in  the  liquid  was  accounted  for 
by  a  vortex  model.  In  the  model,  the  gas  phase  heat  and  mass  transfer  rates  were  modelled 
by  using  the  average  of  the  rates  between  the  two.  Bhatia  and  Sirignano®  employed  a  one¬ 
dimensional  vaporization  model  developed  by  Abramzon  and  Sirignano®  to  study  ramjet 
instability.  Their  results  indicated  that  vaporization  was  rate  controlling  and  they  were  also 
successful  in  identifying  a  ratio  of  oscillation  period  to  droplet  heating  time. 

Chiang  et  al^  and  Chiang*  developed  an  advanced  exact  droplet  vaporization  model  with 
fewer  assumptions  that  was  formulated  with  the  intention  of  being  a  reference  model  against 
which  simpler  models  could  be  measured.  This  axisymmetric,  single  droplet  model  included 
effects  of  surface  blowing,  transient  heating  and  internal  circulation.  Variable  properties  of 
the  gas  phase  were  taken  into  account,  and  viscosity  variations  in  the  liquid  phase  were  also 
calculated. 

There  is  adequate  reason  to  believe  that  the  liquid  phase  may  prove  to  be  a  driving 
mechanism  for  instability.  For  this  reason,  the  transient  heating  and  vaporization  of  the  fuel 
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droplets  under  oscillating  conditions  must  be  examined.  This  is  based  on  the  knowledge  that 
transient  and  liquid  thermal  inertia  are  very  important  under  steady  operating  conditions 
and  therefore  it  is  expected  that  they  should  also  be  important  under  unsteady  conditions. 
Previous  work  by  Tong  and  Sirignano'*  does  indeed  support  this  theory  and  it  has  been  shown 
that  unsteady  droplet  vaporization  is  a  likely  candidate  mechanism  for  driving  instability. 
Their  model  also  assumes  constant  properties  and  is  a  one-dimensional  analysis.  The  Tong 
and  Sirignano  model  is  limited  to  the  liquid  phase  and  therefore  vital  information  like  drag 

coefficient  can  not  be  obtained  from  their  study. 

It  should  be  noted  that  not  all  the  droplets  injected  into  the  chamber  of  a  liquid  rocket 
combustor,  which  is  under  an  oscillatory  mode  of  operation,  experience  the  same  ambient 
conditions.  As  combustion  is  a  continuous  process  and  fuel  droplets  are  injected  constantly, 
droplets  injected  at  different  times  need  not  necessarily  be  going  through  the  same  cycle. 

This  study  examines  the  role  of  droplet  vaporization  under  oscillating  atmospheric  condi¬ 
tions  and  is  an  extension  of  previous  work  by  Tong  and  Sirignano."*  Details  of  this  work  may 
be  found  in  Reference  24.  The  model  used  here  is  an  advanced  model  with  fewer  assumptions 
and  the  emphasis  is  on  studying  the  effects  of  an  oscillating  gas  phase  on  the  heat  and  mass 
transfer  processes  in  the  liquid  phase.  The  present  study  employs  an  advanced  variable- 
property  droplet  model  which  calculates  both  the  gas  and  liquid  phase.  The  axisymmetric 
model  has  a  regressing  surface  and  includes  convective  effects.  A  stream  function-vorticity 
approach  is  used  in  the  liquid  phase.  The  oscillations  of  temperature,  pressure  and  velocity 
in  the  gas  phase  will  show  significant  changes  in  the  heat  and  mass  transfer  rates  and  also  in 


KIO 


drag  coefficients.  Droplets  eire  introduced  at  various  times  in  order  to  evaluate  the  combined 
effect  and  this  should  provide  a  comprehensive  picture  of  droplet  vaporization  under  all  in¬ 
jection  conditions.  The  response  factor  of  the  system  is  calculated  in  order  to  determine  if 
the  vaporization  process  is  capable  of  driving  instability. 

Description  of  the  Problem  and  Model 

Fuel  injection  in  liquid  propellant  rockets  is  performed  with  an  atomization  device.  Upon 
injection,  the  droplet  experiences  an  acceleration  and  the  gas  quickly  adjusts  to  the  presence 
of  the  droplet  and  a  boundary  layer  is  formed.  Internal  circulation  within  the  droplet  and  a 
recirculation  zone  in  the  wake  are  soon  established.  The  continuous  transfer  of  momentum, 
results  in  a  reduction  of  the  relative  velocity  between  the  gas  and  the  droplet,  causing  a  drop 
in  the  relative  droplet  Reynolds  number.  The  surrounding  gas  heats  the  droplet  interior 
and  also  supplies  energy  for  the  vaporization  of  the  fuel  at  the  surface.  The  vaporization 
process  is  initially  slow  but  accelerates  later.  This  heat  transfer  process  results  in  nonuni¬ 
form  droplet  temperatures  for  the  entire  droplet  lifetime.  Thermal  heating  of  the  droplet 
continues  throughout  the  lifetime  of  the  droplet  and  is  therefore  a  source  of  unsteadiness  in 
the  liquid  phase.  The  primary  heat  transfer  mechanism  is  initially  diffusion  but  switches  to 
convection  with  the  establishment  of  internal  circulation  and  then  reverts  back  to  diffusion 
as  the  droplet  decelerates  relative  to  the  gas.  The  vaporizing  fuel  vapor  has  significant  effects 
on  the  properties  of  the  surrounding  gas.  In  the  case  of  an  unstable  combustor,  the  ambient 
conditions  fluctuate  in  time  and  space,  as  these  complex  processes  are  taking  place.  The 
value  of  the  phase  in  the  cycle  at  the  instance  of  injection  identifies  the  time  history  of  the 
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ambient  condition  variations  seen  by  the  droplet. 

Numerical  computation  of  a  detailed  spray  model  is  not  feasible  with  the  facilities  avail¬ 
able  today.  The  problem  considered  in  this  study  is  that  of  a  single  n-octane  droplet,  injected 
into  the  hot  gases  of  a  combustor.  The  model  employed  in  this  study  is  shown  in  Figure  1. 
This  axisymmetric  model  with  variable  properties  has  been  employed  in  order  to  be  able 
to  make  a  detailed  calculation  of  the  heat  and  mass  transfer  process.  In  the  numerical 
model  employed,  the  effects  of  decreasing  relative  velocity,  varying  thermophysical  proper¬ 
ties,  transient  heating,  internal  circulation  of  liquid,  boundary  layer  blowing  and  moving 
interface  have  been  incorporated  into  the  calculations. 

The  steady  part  of  the  relative  velocity  is  taken  to  be  25  m/s,  upon  introduction  of  the 
droplet  into  the  combustor.  Note  that  the  actual  value  can  vary  between  15.7  m/s  and  34.2 
m/s  depending  on  the  time  of  injection  and  the  spatial  location.  A  mean  pressure  of  10 
atm  is  used.  The  operating  pressure  again  varies  with  time  and  the  actual  value  depends 
not  only  on  the  magnitude  of  the  velocity  oscillation  but  also  the  initial  phase  of  injection. 
Gas-phase  perturbations  are  introduced  on  the  velocity,  pressure  and  temperature.  The 
velocity  and  pressure  oscillations  are  dictated  by  the  classical  standing  wave  pattern  and 
the  corresponding  temperature  oscillation  is  calculated  by  assuming  an  isentropic  flow.  This 
study  examines  the  effects  of  variation  of  critical  parameters  such  as  the  initial  phase  of 
injection,  frequency  and  amplitude  of  oscillation  on  the  vaporization  history  of  the  droplet. 

The  exact  solution  of  this  problem  requires  the  simultaneous  solution  of  the  hydrody¬ 
namic,  energy  and  transport  equations  in  the  gas  phase.  This  would  necessitate  the  inversion 
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of  large  matrices  and  impose  great  demands  on  the  computing  resources  available.  In  order 
to  solve  the  equations  in  a  more  efficient  manner,  an  iterative  technique  is  utilized.  The 
gas-phase  temperature,  momentum  and  species  equations  are  solved  using  the  alternate  di¬ 
rection  predictor  corrector  method.®  The  pressure  equation  is  indirectly  satisfied  by  using 
a  pressure  correction  to  update  the  pressure  and  velocity  fields  in  a  manner  that  ensures 
the  satisfaction  of  the  continuity  equation.  An  underrelaxation  is  used  to  ensure  that  the 
pressure  correction  does  not  diverge. 

A  stream  function- vorticity  formulation  is  used  in  the  liquid  phase  to  simplify  the  calcula¬ 
tions.  This  allows  for  all  the  important  flow  characteristics  to  be  captured  while  preserving 
a  good  degree  of  accuracy.  The  elliptic  stream  ftmction  equation  is  solved  by  using  the 
successive-over-relaxation  technique.  The  vorticity  and  liquid  temperature  equations  are 
parabolic  and  are  solved  by  the  alternate  direction  predictor  corrector  method.® 

Governing  Equations 

For  the  governing  equations  in  the  liquid  and  gas  phase  one  may  refer  to  work  by  Chiang® 
and  Chiang  et  al.^  The  initial  conditions  corresponding  to  the  injection  of  a  droplet  into  an 
unstable  combustor  would  depend  on  the  particular  time  and  location  of  injection.  T,  p  and 
K  are  therefore  dependent  on  4>t  and  K  and  Yj  are  set  to  zero  on  the  inflow  side  and 
the  gradients  set  to  zero  on  the  downstream  side.  The  flow  may  reverse  at  lower  Reynolds 
numbers,  but  the  boundary  conditions  remain  the  same.  In  such  a  situation,  the  boundary 
conditions  are,  in  effect,  specified  downstream  with  the  gradient  set  to  zero  on  the  upstream 
side. 
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In  order  to  determine  whether  vaporization  is  capable  of  driving  instability,  it  is  necessary 
to  consider  the  contributions  of  every  droplet  present  in  the  combustor  at  a  particular  instant 
of  time.  For  the  vaporization  to  be  able  to  drive  instability,  it  is  necessary  to  evaluate  the 
component  of  the  vaporization  rate  that  is  in  phase  with  the  pressure.  This  is  done  by 
evaluating  the  response  factor,  G  as  suggested  by  the  Rayleigh  criterion:^ 

_  ffmPdTHgdC 
ffP^dVHgdC 


K14 


where  C  is  a  constant  for  each  droplet  during  its  lifetime.  The  C  value  represents  the  phase 
at  the  time  of  injection. 

The  definition  of  G  given  above  involves  integration  in  an  Eulerian  frame  of  reference.  In 
order  to  apply  this  to  the  present  model,  it  is  adapted  to  a  Lagrangian  frame  of  reference. 
Figure  2  shows  the  droplets  born  at  various  phases.  In  an  Eulerian  time  frame  (represented 
by  solid  lines),  droplets  injected  at  different  phases  are  present  at  different  axial  locations  at 
a  given  time.  By  the  above  definition,  G  is  calculated  by  integrating  in  horizontal  sweeps, 
over  axial  location  and  then  over  the  Eulerian  time.  Lagrangian  time  varies  along  the  dotted 
lines  of  constant  initial!  phase  value  (constant  in  the  figure.  G  can  therefore  be  evaluated 
by  integrating  in  diagonal  sweeps,  over  Lagrangian  time  and  then  by  integrating  over  the 
phase  value  at  the  time  of  injection. 

Figure  3  shows  the  vaporization  rate  histories  (schematic)  of  all  the  droplets  present  in 
a  combustor  at  a  particular  instant  of  time.  The  area  of  interest  is  that  between  a  phase  of 
zero  and  2ir.  It  is  seen  that  droplets  injected  at  phases  of  — 27r,  — 3;r/2,  — x  and  —  jr/2  have 
contributions  to  the  area  of  interest  (marked  as  A,  B,  C  and  D  respectively).  However,  it  may 
be  seen  that  this  area  corresponds  to  the  area  marked  A,  B,  C  and  D  on  the  vaporization 
curves  of  droplets  injected  at  zero,  ?r/2,  tt  and  3jr/2  respectively.  Thus,  integrating  over 
the  vaporization  curves  of  all  droplets  born  between  zero  and  27r  would  in  effect  give  the 
contributions  of  all  droplets  present  in  the  combustor.  The  integral  is  evaluated  over  time, 
at  intervals  of  7r/2  to  obtaun  the  elementary  response  factor,  G*  which  is  defined  as: 

r  —  /  mPdTHg 
fP^dTH, 
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The  elementary  response  factor  is  fitted  with  a  cubic  spline.  The  spline  was  fit  from 
both  directions  and  the  difference  was  evaluated  to  be  less  than  0.5%.  The  elementary 
response  factor  is  then  integrated  over  the  phase  to  evaluate  the  total  response  factor.  It 
may  be  noted  that  the  denominator  is  independent  of  phase  but  the  integral  was  left  to 
maintain  consistency.  The  sophisticated  droplet  vaporization  model  used  in  this  study  is 
highly  computationally  intensive.  The  solution  of  each  phase  point  requires  over  two  hundred 
minutes  of  Cray  time.  In  order  to  remain  within  the  time  available  only  four  phase  values 
were  computed  and  then  a  spline  was  fit  to  the  results  in  order  to  integrate  over  period. 

In  order  to  be  able  to  overcome  the  losses  and  drive  combustion  instability,  G  should  have 
a  minimum  positive  value.  For  the  case  of  distributed  combustion,  this  value  corresponds  to 
3.72  for  longitudinal  mode  instability.^^ 

Results  and  Discussion 

Numerical  codes  exhibit  varying  degrees  of  grid  and  time-step  dependence.  In  order  to 
evaluate  the  accuracy  of  the  results,  it  is  important  to  estimate  the  degree  of  dependence 
on  the  grid  chosen  and  the  time  step  used.  All  results  are  relatively  insensitive  to  the 
time-step  size.  A  time  step  of  0.001  has  been  used  throughout  this  investigation.  Four 
different  parametric  studies  have  been  conducted.  These  involved  1)  frequency  comparison, 
2)  amplitude  comparison,  3)  droplet  configuration  comparison  and,  4)  variation  in  the  liquid 

fuel. 

The  variations  of  pressure  and  velocity  for  each  of  the  four  phases  are  shown  in  Figure  4. 
Each  droplet  undergoes  a  unique  cycle  of  ambient  conditions.  A  variety  of  frequencies 
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has  been  known  to  occur  in  liquid  propellant  rockets  and  in  ramjets.  For  this  reason,  the 
frequency  of  the  instability  is  a  key  parameter  in  the  study  of  combustion  instability  and  it 
is  necessary  to  identify  the  frequencies  that  may  be  sustained  by  droplet  vaporization.  For 
the  purposes  of  this  study,  the  frequency  may  be  better  described  by  the  time  period  of  the 
oscillation  in  terms  of  the  droplet  heating  time.  Three  different  time  periods,  corresponding 
to  0.3,  0.6  and  0.9  droplet  heating  time  have  been  examined.  In  all  the  cases,  the  spatial 
phase  of  injection  corresponds  to  an  eighth  of  a  wavelength  and  the  amplitude  of  the  pressure 
oscillation  is  0.2%  of  the  steady  value  (10  atm).  The  response  factor,  G,  was  calculated  for 
each  case  in  a  manner  described  in  the  previous  chapter.  Figure  5  shows  the  pressure  history 
of  droplets  exposed  to  the  three  frequencies.  The  imposed  2%  pressure  oscillation  has  a 
significant  effect  on  the  variation  of  the  vaporization  rate.  The  distribution  of  the  elementary 
response  factor  for  the  three  cases  is  shown  in  Figure  6.  The  elementary  response  factor 
distribution  varies  substantially  for  the  three  time  periods  studied,  though  it  is  periodic  in 
nature.  The  total  response  factor  for  each  of  the  frequencies  is  shown  in  Table  1. 

A  response  factor  greater  than  3.72  is  required  for  the  vaporization  process  to  be  able  to 
drive  instability.  The  oscillation  with  a  time  period  of  0.3  droplet  heating  time  is  not  capable 
of  driving  instability.  A  negative  value  of  G  implies  that  the  system  damps  any  oscillations. 
The  oscillation  with  a  time  period  of  0.6  droplet  heating  time  has  a  high  response  factor  and 
is  therefore  capable  of  driving  longitudinal  mode  instability.  This  means  that  the  component 
of  the  vaporization  rate  in  phase  with  the  pressure  is  large  enough  to  supply  enough  energy 
to  the  system  so  as  to  drive  it  into  an  unstable  mode  of  operation.  With  a  time  period  of  0.9 
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Vaporization  Rate  Response 

T 

Th 

G 

0.3 

-0.52 

0.6 

5.81 

0.9 

2.98 

Table  1:  Comparison  of  response  factor  for  varying  frequencies. 


droplet  heating  time,  the  system  is  not  capable  of  driving  instability.  The  response  factor 
is  positive,  but  it  is  not  strong  enough  to  overcome  the  losses  in  the  combustor.  The  time 
period  of  0.6  gas  hydrodynamic  diffusion  times  corresponds  to  the  frequency  domain  found 
to  be  most  unstable  by  Bhatia  and  Sirignano.® 

Figure  7  shows  the  two  different  droplet  configurations  studied.  In  the  first  case,  the 
droplet  is  moving  faster  than  the  ambient  gas  and,  the  wake  of  the  droplet  is  therefore 
behind  the  droplet.  In  the  second  configuration,  the  droplet  is  moving  slower  than  the  gas 
and  in  this  configuration,  the  wake  is  ahead  of  the  droplet.  The  velocity  fluctuation  is  in 
phase  with  the  steady  component  of  the  velocity.  Thus,  a  positive  velocity  fluctuation  means 
an  increase  in  the  Lagrangian  velocity.  This  augments  the  vaporization  rate  and  other  surface 
properties.  In  the  first  case,  however,  a  velocity  increase  in  the  gas  phase  means  a  decrease 
in  the  Lagrangian  velocity  of  the  droplet.  Note  that,  in  actual  rockets,  both  these  situations 
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exist  since  the  droplet  is  initially  faster  than  the  gas  but  as  the  combustion  process  proceeds 
the  gases  accelerate  and  eventually  move  faster  than  the  droplet.  Thus,  in  practical  rockets, 
the  wake  is  initially  behind  the  droplet  but  moves  ahead  of  the  droplet  with  the  passage  of 
time.  In  the  case  of  ramjet  combustors,  the  gases  are  initizJly  at  high  velocity  and  the  fuel 
is  injected  at  nearly  zero  velocity.  In  this  situation,  the  wake  remains  ahead  of  the  droplet 
for  the  entire  lifetime.  The  two  droplet  geometries  described  earlier  have  been  studied  with 
a  2%  pressure  oscillation.  The  spatial  phase  of  injection  corresponds  with  an  eighth  of  a 
wavelength  and  the  time  phase  of  injection  corresponds  to  a  quarter  time  period.  The  time 
period  of  the  oscillation  for  the  two  configurations  is  0.6  droplet  heating  time.  A  comparison 
of  the  ambient  pressures  and  velocities  for  the  two  cases  is  shown  in  Figure  8.  The  pressure 
variation  remains  the  same  for  both  cases  but  there  is  a  substantial  difference  in  the  absolute 
magnitude  of  the  relative  velocity  history  of  the  two  droplets  due  to  the  difference  in  the 
effect  of  the  velocity  fluctuation.  The  distribution  of  the  elementary  response  factor  for 
the  two  cases  over  the  entire  time  period  is  shown  in  Figure  9.  The  elementary  response 
factor  for  the  droplet  faster  case  is  negative  over  the  entire  time  domain,  indicating  a  heavy 
damping.  The  case  with  the  gas  moving  faster  than  the  droplet  has  both  negative  and 
positive  elementary  response  factor  values.  The  integrated  response  factor  values  for  these 
two  situations  have  been  evaluated  and  the  results  are  given  in  Table  2. 

For  the  case  with  the  gas  travelling  faster  than  the  droplet,  the  response  factor  is  high 
and  capable  of  driving  instability;  but,  in  the  case  of  the  droplet  traveling  faster  than  the 
gas,  the  response  factor  is  negative  and  actually  damps  the  oscillations. 
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Vaporization  Rate  Response 

Configuration 

G 

Gas  Faster 

5.81 

Droplet  Faster 

-76.47 

Table  2:  Comparison  of  response  factor  with  droplet  faster  and  gas  faster  geometries. 


Depending  on  the  nature  of  a  particular  combustor  and  the  operating  conditions,  the 
magnitude  of  the  amplitude  of  the  oscillation  may  vary.  In  order  to  get  a  better  understand¬ 
ing  of  the  effects  of  varying  amplitudes,  two  cases  with  pressure  oscillations  of  one  and  two 
percent  have  been  studied.  The  cases  shown  here  correspond  to  a  time  period  of  0.6  droplet 
heating  time  and  the  time  phase  injection  corresponds  to  a  quarter  time  period.  The  spatial 
phase  of  injection  corresponds  to  an  eighth  of  a  wavelength.  The  responses  for  the  two  cases 
with  different  amplitudes  of  oscillation  have  been  computed  to  understand  the  effects  of 
amplitude  variation  on  the  response  factor  of  the  combustor.  Figure  10  shows  the  velocity 
and  pressure  variation  for  the  two  cases.  The  pressure  is  seen  to  vary  in  the  same  manner  in 
both  cases,  though  the  amplitude  is  different.  The  velocity  cycle  for  the  droplets  is  however, 
entirely  different.  The  initial  velocity  of  the  2%  oscillation  case  is  higher  than  that  of  the 
1%  oscillation  case.  However,  a  more  rapid  decrease  in  the  Lagrangian  velocity  causes  it 
to  intersect  the  velocity  curve  of  the  1%  pressure  oscillation  case.  The  distribution  of  the 
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response  factor  is  shown  in  Figure  11.  It  may  be  seen  that  the  distribution  of  the  response 
factor  is  different  for  the  two  cases.  The  total  response  factor  for  the  two  cases  examined  is 
shown  in  Table  3. 


Vaporization  Rate  Response 

Pressure  Oscillation 

G 

1% 

5.02 

2% 

5.81 

Table  3:  Comparison  of  response  factor  with  varying  amplitudes. 


There  is  a  decrease  in  the  response  factor  with  a  decrease  in  the  amplitude  of  the  oscil¬ 
lation.  However,  a  50  %  decrease  in  the  amplitude  of  the  pressure  oscillation  only  causes  a 
13  %  decrease  in  the  response  factor  which  is  still  capable  of  driving  the  instability.  Though 
the  distribution  of  the  response  factor  is  very  different  for  the  two  cases,  its  effect  on  the 
response  factor  is  not  so  marked. 

The  effects  of  varying  the  volatility  of  the  fuel  were  studied.  The  base  fuel  that  has 
been  employed  in  the  calculations  is  normal  octane.  A  second  fuel  has  the  latent  heat  of 
decane  but  otherwise  has  the  properties  of  octane.  We  refer  to  this  less  volatile  fuel  as 
pseudo-decane.  The  distribution  of  the  elementary  response  factor  is  shown  in  Figure  12. 
The  integrated  response  factor  values  for  the  two  cases  have  been  evaluated  and  the  results 
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are  given  in  Table  4.  Clearly,  the  more  volatile  fuel  has  a  larger  response  factor. 


Vaporization  Rate  Response 

Configuration 

G 

Octane 

5.81 

Pseudo-decane 

4.97 

Table  4:  Comparison  of  fuels  with  varying  volatility. 

Conclusions 

An  advanced,  axisymmetric  convective  droplet  vaporization  code  has  been  successfully 
employed  in  the  study  of  combustion  instability.  The  imposed  oscillations  have  significant 
effects  on  the  heat  and  mass  transfer  process  and  on  the  liquid  properties.  Droplet  va¬ 
porization  produces  enough  energy  in  phase  with  the  pressure  to  drive  longitudinal  mode 
combustion  instability.  An  investigation  of  the  frequency  domain  showed  that  droplet  va¬ 
porization  was  only  capable  of  driving  combustion  instability  in  certain  frequency  domains. 
This  is  in  good  agreement  with  previous  work  done  by  Tong  and  Sirignano  and  Bhatia  and 
Sirignano.  The  frequency  of  the  oscillation  is  a  key  parameter  in  determining  the  fraction 
of  the  total  energy  that  is  in  phase  with  the  pressure  oscillation.  An  evaluation  of  the  effect 
of  the  disturbance  amplitude  on  the  response  factor  indicates  that  the  effects  of  amplitude 
variation  are  not  very  significant.  It  is  important  to  identify  whether  the  wake  is  ahead  of 
the  droplet  or  behind  it  as  there  is  a  significant  change  in  the  response  factor  for  the  two 
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situations. 

A  variation  of  the  volatility  of  the  fuel  has  a  fairly  significant  effect  on  the  response  factor, 
though  it  is  not  as  significant  as  identifying  the  orientation  of  the  wake.  This  is  due  to  a 
comparable  decrease  in  the  contributions  from  droplets  that  have  a  positive  contribution 
as  well  as  those  that  make  a  negative  contribution.  Droplet  vaporization  studies  related 
to  combustion  instability  have  neglected  to  emphasize  whether  the  wake  of  the  droplet  is 
ahead  of  the  droplet  or  behind  it.  It  is  necessary  to  identify  the  particular  configuration 
as  the  response  factor  for  the  two  is  vastly  different.  When  the  droplet  is  faster  than  the 
gas,  the  system  has  a  high  damping  whereas  when  the  gas  is  faster  than  the  droplet,  the 
response  factor  is  high  enough  to  drive  the  instability.  This  is  primarily  due  to  the  diverse 
effect  the  velocity  oscillation  has  on  the  relative  velocity.  Our  results  are  consistent  with 
previous  findings  that  the  convective  vaporization  mechanism  is  much  more  strongly  coupled 
to  velocity  oscillations  than  to  pressure  oscillations. 
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Figure  1:  Droplet  model  employed  in  the  present  study. 
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Figure  2:  Evaluation  of  G  in  a  Lagrangian  frame  of  reference. 
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Figure  3:  Vaporization  rate  (schematic)  distribution  for  various 
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Figure  4:  Ambient  pressure  and  velocity  history  with  varying  injection  times. 
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Figure  6;  Distribution  of  elementary  gain  for  varying  time  periods 
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Figure  8:  Pressure  and  velocity  variation  for  droplet  faster  and  gas  faster  configurations. 
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Figure  9:  Distribution  of  elementary  gain  for  varying  configurations. 
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Figure  11:  Distribution  of  elementary  gain  for  var3ring  ampbtudes. 
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Executive  Summary 

understanding  of  the  mechanisms  3® 

liniiiH  fiipipd  rocket  engines  has  been  limited  by  an 

nabiii?y  w  measure  the  processes  that  occur  in  the  severe 
"Lent  within  a  rocket  engine  combuster  This 
measurement  limitation  extends  even  to  "’'^Lplet 

ssss 

offer  potential  for  making  precise  and 
measurements  in  such  environments.  They  require  no  physical 
orobe  which  would  otherwise  interfere  with  the  process  being 
measured  or  would  be  unable  to  survive  the  severe  environment. 
lU  addition,  laser-based  techniques  are  available  ^ith 
Dotentlally,  make  measurements  not  previously  attamable. 

With  further  development,  these  methods  offer  the  P®  'fiauid 
advance  the  understanding  of  mechanisms  leading  to  liquid 

rocket  engine  instabilities. 

Under  a  previous  program,  UTRC  has  demonswated  how 
apDlicatiln  of  advanced  diagnostics  such  as  Morphology- 
oCnfent  Resonances  (MDR’s)  with 

resolution  led  to  better  fundamental  understanding.  Through 
that  orooram  UTRC  also  brought  on-line  a  capability  to  make 
rouLI  Lasurements  on  supercritical  LOX  droplets 
first  look  at  dispersal  of  supercritical  O2  droplet  fluid. 
suggested  program  describes  a  number  of  potential  diagnostic 
technioues  explaining  their  current  status,  the  obstacles  to  be 
overcomf’in  d'^telopLg  them  and  their  potentia  for  furthermg 
the  understanding  of  liquid  rocket  instabilities.  .  ...^ 

techniques  would  be  brought  to  bear  on  rocket  stability 
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problems  by  measuring  the 
supercritical  fluid  in  high 
static  and  dynamic  (after  a 
driven  environment)  conditions. 


transition  of  LOX  droplets  to  a 
pressure  environments  in  both 
shock  wave  or  in  an  acoustlcally- 


Background 

Acoustic  instabilities  within  the  combustors  of  liquid- 
rnrket  enolnes  have  been  a  concern  since  their 

development.  The  mechanisms  “  5'’®®,®  'nrocessis  are 

not  well  understood  and  measurements  of  the  processes  are 

extremely  limited  due  to  the  harsh  environment  m  which  the 

nrnrP<;«5Gs  occur.  Slnce  these  mechanisms  are  not  well 

Cnderstood.  engine  performance  is  “use''°is 

conditions  which  generate  these  instabilities.  The  cause  s 
Sneved  to  be  a  reaction  rate  enhancement  produced  by  and  m 
ph^e  wVth  acoustic  waves  within  the  combustor  The 

enhancement  may  result  ^ d  1  the 
oxidizer  droplets  or  increased  evaporation’  caused  by  tne 

surrounding  gas  flow  which  amplifies  pressure  leading  to 

?hr^Sility.  Complicating  the  difficulty  in  understanding 
Ke  p?o«ss  fs  the  fact  that  liquid  sprays  are  -njected  into  a 
combustor  in  which  conditions  are  supercritical.  J’’® 
fuel/oxidizer  supercritical  mixing  processes  are  no 

understood. 

Our  focus  for  studying  the  instability  mechanisms  has  been 
on  understanding  evaporation  enhancement  'n  S'"9'e 
exoandinq  to  sprays  and  their  surrounding  flow  fie  . 
Theoretical  models  have  been  generated  which  describe  the 

evaporation  process  for  a  droplet  in  a  flow  field  -  bu^  even 

for  ^  these  simple  processes,  experimental  validation  has  been 
limited  because  of  the  inability  to  make 
measurements  on  such  small  length  and  short 
Recent  results  have  demonstrated  the  value  of 
dlaanostlcs  capable  of  non-Intrusive  temporally-resolved 
measurertients  M  can  be  used  to  acquire  resuits  with 
significant  spatial  resolution  by  taking  advantage  of  the 

spectral  character  of  the  medium.3 

While  these  measurements  have  limited  ^^H® 

the  measurement  environment,  a  number  of  alternative 
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techniques  .  offer  Potential  capa^^ies  to;^  in"\'he 

understanding  of  *|^o  •*  9  .  transcritical  regimes.  A 

subcritical.  /“Potoft'oe'  ^nd  tra^nscntica^ 

Set"by  a  descriptL  of  a  potential  measurement  program 
and  the  expected  pay-off. 

iiTRC  has  considerable  experience  in  developing  ^•'oplet 
diagnostics  using  ^cl^culSifn  in^de  of 

rjrC-l-  on^n^e  ^ord^ot  r-^.o.^rss:" 

using  fluorescence  and  trssio'!rs^^^^^^^^^^  smaller 

'5e?sfzV^r  z,:Jir:iisrs  nd^iti^ai 

evaluate  droplet  size  a  Jlu^r  i9cpr>based  diagnostics  can 

experience  in  a  wide  range  °!.  f  of  thl  diagnostic 

be  readily  ca  e  .  These  include  processes  such  as 

both  visible  and  u.v.  Raman  measurements. 

iiTRr  has  built  a  high  pressure  pulse  facility  in  which  to 

S  -.sr;  "5n*  iLireSjr’ii 

withstanding  up  to  1000  psi.  A  driver  section  separated  by  a 
waves'’“oT  re^eatlwe  ^Mt'll^Vo  ^h«'’ prescribed  ^Stions  can 

ss‘  ssf'sx”  >  f-s 

hinh  nressure  fluid  in  the  pulse  tube  to  simulate  the  lo 
molecular  weight  of  Hz  and  minimize  heat  transfer  and  density 
S'ent  problems  associated  with  the  location  of  the  cryogenic 
droplet  generator  in  the  pulse  tube. 
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Measurement  Technology 


Each  of  the  measurement  techniques 

s^^\ys*‘'"The'empi®asis°fe  ^''^mploymeM  %  the£  techniques  uj 

irore^nts'^r’roc  thrUchniques  couid 

ultimately  be  employed  in  small  scale  rocket  engines. 

A  number  of  strategies  are  available  a"'*. 
should  be  given  to  those  tabulated  below.  Each  of 
techniques  will  be  discussed  in  more  detail. 


niaqnostic  Technique 
[T  Spontaneous  Raman 


Measurement  Capabilities 
temperature,  density, 

imoninn 


T  <;pnntaneoi  IS  Raman 

Raman  scattering  is  the  inelastic  scattering  of  light  from 

rr^I-rsi  .“ss  « »,£= 

K™  i.  —  y  «"?•““»?  ,‘SflrK 

Tie  lacking  particulates  and  droplets).  No  speciric  laser 

rS  sLH;*  'H “s  iss 

of  The  molecular  energy  states,  the  Raman  spectrum  occup.es 
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of  the  mo^cule  from  which  it  scattered.  As  a  result, 
temperature  can  be  determined  from  the  acquired  spectrum. 

unfortunately.  Raman  signal  intensities  are 
weak  with  cross  sections  on  the  order  of  10 
However  since  the  scattering  is  proportional  to  the  number  of 
mnlecules  in  the  sample  volume,  signal  Intensity  increases 
rooortronall?  with  pressure.  This  is  particularly  important 
for  ^  supercritical  transport  studies  for  conditions  typical  of 
rocket  engine  combustors  where  higher  Pt«s“tes  are  reqmred^ 
In  fact  recent  studies  have  shown®  that,  at  sucn  eievaxeo 
nressures  the  signal  can  become  non-linear  w'ti'  number 

density  and  care  must  be  taken  to  avoid  stimulated  Raman 

scattering. 

Raman  imaging  is  usually  "^sing'll 

XaVional  quantum  level.®  This  is  f  cP;"P'‘/''ed  by 
Dositioning  the  appropriate  optical  filter  in  front  j 

dtoensional  camera  and  only  passing  » 

lioht  The  light  scattering  at  any  pixel  will  depend  on  t 

number  of  molecules  within  the  measurement  volume  and.  hence, 
provides  a  measure  of  the  density. 

In  experiments  containing  two  species,  for  example  liquid 
oxygen  injected  into  nitrogen  gas.  the  density  and  d>str*u«on 
of'oz  and  Nz  can  be  imaged  using  two  cameras,  each  filtered 
acqufre  the  Raman  signals  generated  only  from  one  of  the 
species  of  interest.  In  this  way  an  instantaneous  image  of  the 

mixing  process  can  be  acguired. 


n.  <;timulated  Raman 

Stimulated  Raman  employs  the  same  molecular  ^•’^nsitions 
as  the  spontaneous  process  except  that  the  emissions  a™  a*® 
stimulated  by  the  incident  laser  beam.  While  the  resulting 
sional  Intensity  is  lower  than  its  spontaneous  counterpart, 
requiring  a  greater  medium  density  to  be  detectable,  the  signa 
is  Generated  as  a  forward  propagating  beam  and,  therefore,  can 
be  ^collected  in  its  entirety.  This  has  the  additional  advantage 
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of  allowing  other  incoherent  emissions  from  the  measurement 
volume  to  be  easily  separated  from  the  signal. 


The  low  signal  ‘evel  resu^ting^^  from 
requires  that  the  incident  a  possible  to  acquire 

"*'HowTver  ‘'sSna?''ltrength  will  be  enhanced  when  the 

irSoye\  r^rbe^pSirJo 

rTe^  ^chnl^guej  to  /^^^tbe  j"— 

^e  “perat""slu°cture°"r^  ideV^^^y  characteristics  such  as 
droplet  size. 


m.  T^.hninnes  m^nrpnratino  Stimulated  Prillouln  Scattenna 

fSBS^ 

£rrFlLw  « .9 

as  a  diagnostic. 

CRC  ic  a  relatively  weak  process  which  generally  requires 

i=rH?SH'=i«SB:^ 
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liquid  droplets  in  a  gaseous  medium,  focuses  . 

Si r».us“.rss.f 

a^/ sizes  of  sirsoSIc^s  and  thus  the  size  distribution  of  the 
droplets. 

<;bs  mav  be  of  further  value  in  analyzing  spray  systems 
where  ft  Sd  be  employed  directly  as  a  diagnostic  for  highly 
Hpncp  soravs  While  a  laser  beam  may  not  penetrate  though  such 

soravs  SBS  ‘  generated  from  within  the  droplets,  would  propagate 
Sprays,  5  ,  g  Simultaneous  measurements  of 

sr,%i,s  “  s.  S 

m«ardlttrtijt?ons!'^'’'^Coi”biMtionr%T"this  technique  nwh  ^ 
useful  as  a  coherent  diagnostic  with  phase 

way  measurements  may  be  possible  from  the  dense  core  of  a 
spray. 


IV.  npnftnerate  p^^ir-Wave  Mixing 

Degenerate  four-wave  mixing  (DFWM)  may  be  useful  for 

performing  measurements  in  the  dense  „ 

ooticallv-thin  (low  absorption)  spray,  particularly  when 
emDloving  the  SBS  process.  With  optical  phase  conjugation 

laser  beams  that  pass  through  a  J|2®‘^'^etector 

as  droDlets  and  ligaments  can  return  to  the  detector 

undisturbed  after  propagating  a  round  ^"P;  obtai^^^ng 

this  property  hold  the  potential  for  °  j®  IJl® 

information  from  thicker  sprays  than  has  been  possible  in  the 

past  with  nwre  conventional  approaches. 

DFWM  requires  the  phase-matching  of  three  laser  beams, 

two  of  which  are  pump  beams  precisely  opposed,  to  generate  a 
signal  beam  at  the  same  wavelength.®. ’“  This  signal  ^  ®®“"*^ 
propagating  to  the  third,  or  probe,  laser  beam,  also  «  *'’®  ®®'"® 
wavelength.  The  wavelength  of  the  beams  is  tuned  to  an 
Xorptton  of  a  species  of  interest  in  the  medium  and  the  signal 
?s°  a  Stimulated  emission  subsequent  to  that  absorption.  The 

technique  has  been  used  to  make  te"'P®;®t“;;®  7®““STeaulnM 
steady-state  laminar  flames  by  scanning  the  laser  ffeq“«"®y 
across  an  OH  absorption  spectrum  and  recording  the  resulting 
DFWM  spectrumii.i®  ,t  has  also  been  used  in  an  imaging 
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configuration  where  when  the  waveiength  ^^tun^djo  a^^singte 
mea°ured"’3.*4®  one®*  difficulty  in  employing  the  Process  in 
=t  «its'®;f  ng®:(s::r“2f  th» 

«  -OTpr  cIJs  r;edu.^^^^^  .n  ^Slg. 

remp^rature  or  density  o^herw^sf  mighT'be  a 

^ucTerful  technique  in  liquid  spray  studies  for  measuring 
evaporation  and  mixing. 

one  method  of  overcoming  this  problem  is  the  application  of 
CRC  ^n  DFWM  developed  at  UTRC  and  offering  a  means  of 

rxtoThe^measrremrnrmedium.  fhe  SBS  P-m  whi<*  ^is^^genemted 

maintaWnglhe  Ifignment  o^f  *11?^  angnmlnt 

conjugate  four  wave  mmng  ,  %stem  fluctuations  are 

iS 

a®nd!"tenL.  ie  dtevetopn^ent  foTihL  apptottore  is  warranted. 


V.  Measurements  at  Critical  Point  TranSItiOD 

Morphology-dependent  resonances,  or  MDR's,  have  P®*" 
at  UTRC  as  a  diagnostic  tool  to  accurately  ^*5®“'^®  P 

circumference  and,  ultimately,  evaporation  j^*®®'  jg 

snectral  modal  signal  enhancements  (in  the  previous  case, 
?iMnr«cen^e  sanals)  caused  by  containment  of  low-angle-of- 
Snce  emfsirons^  within  a  droplet  cavity  due  to  total 

internal  reflection  near  the  droplet  surface. 

While  the  fluorescence  MDR  technique  has  be®"  “^ed  to 
determine  evaporation  rates  of  subcritical  ^1:®?*®  ’ 

application  to  critical  condition  measurements  is  limited.  The 


LIO 


s,“Kir 

dissolved  in  cryogenic  liquids  with  low  temperature  crmcal 
Doints  However,  MDR's  could  be  produced  using  stimulate 
Raman  orocesses  and  could  provide  similar  information  about 
droplet  size  It  is  even  feasible  that  with  planar  illumination 
of  individual  droplets,  specific  planar  MDR  modes  could  be 
edited  and  shapes  of  slightly  aspherical  droplets  could  be 

evaluated. 

MDR  theo^  being  developed  {>y  P~f®ff^„Sjeven  Hill  wiU 
facilitate  analyzing  these  data.^^*^®  It  may  extend  t 
application  of  these  diagnostics  to  the  study  of 
dro^olets  and  critical  and  supercritical  conditions  where  the 
density  is  no  longer  a  discontinuity  at  the  droplet  surface  a 
refractive  index  becomes  a  function  of  radius. 


VL  (Critical  Point  Detection  Using  Second  Harmonic  GeneratiQO 

The  nonlinear  optical  phenomenon  '"h'c'i  an  undo^d  fluid 
should  show  most  prominently  in  the  vicinity  of 
point  is  second  harmonic  generation.  In  gases  and 
second-order  non-linear  susceptibility  is  ^^^ays  zero  due  to 
molecular  inversion  symmetry.  At  an  interface,  however,  there 
r  a  layer  of  molLules  which  lack  an  inverse  symmetry 
partner  aliowing  the  second  order  noniinear  susceptibility  to 
Cr  Greater  Than  zero.  This  allows  the  medium  to  convert 
incident  light,  to  the  second  optical  harmonic 
doubUng)  An  example  of  this  approach  for  detecting  critical 
point  transition  would  be  to  consider  a  single  component  liquid 

S  is  se^d  in  a  vessel  at  its  critical  Pr«®“Vthe  he°^ 
its  critical  temperature  and  heated  from  one  side.  As  the  heat 
^fffuses  across  the  test  cell,  the  fluid  ^ 

thermodynamic  transition  corresponding  to  when  the  fluid 
achieves  the  critical  temperature,  and  it  changes  from  the  bu 
"supercluster”  state  to  smaller  clusters  whose  diameters  are 
approximately  the  wavelength  of  light 
harmonic  generation  will  result.  Recording  the 

converted  light  from  a  laser  sheet  ®  ^oT‘*'thfs  1^^^^^ 

camera  one  should  observe  a  point  of  origin  for  this  iignt 
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whirh  would  propagate  with  the  thermal  wave.  While 
^revioasr  untes'ted"  this  second  harmonic  generation  .s  re^dy 
for  experimental  evaluation  as  a  means  of  tracking  the  critical 
temperature  or  isotherm  as  a  function  of  time. 


Suggested  Tasks 

UTRC  will  conduct  a  research  program  to  a^^^a^^e  the 
state-of-the-art  in  spectroscopic  measurement  of  droplets  and 
ror^vs  undergoing  critical-point  phase  transitions  and  provide 
data^  which  may  include  densities,  concentrations,  temperatures 
and  critoal-s^face  tracking.  The  goal  of  this  program  is  o 
oroduce  diagnostic  techniques  to  identify  processes  relating  to 
Hniiid  stability  issues  and  which  can  acquire  information  about 
SomTna  occS  in  critical  or  s-Perf  itical .  conditmns 
As  they  develop,  these  techniques  will  be  evaluated  in  the  UTRC 
h-mh  pressure"^  pulse  facility  under  dynamic  condi  ions 
corresponding  to  those  of  rocket  combustors.  Ij! 

reflect^  a  three  year  effort:  the  scope  of  the  program  can  be 
tailored  to  meet  the  needs  of  the  Air  Force. 

^“'^'uTRC  will  use  its  high  pressure  P“'s®  .*“5?  .riSntinn  Tn 
acquire  data  describing  droplet  breakup  and  ^j^tribution  m 

critical  and  supercritical  environments  as  the 
acoustic  disturbances.  Initial  measurements  will 
back-lit  images  of  droplets  following  an  initial  period  after 
the  disturbance.  Disturbances  will  be  generated  as  weak  shock 
waves  through  the  rupture  of  a  diaphragm  separating  the  test 

Sn  from^  a  higher  pressure  driver  and  will  have  pressi^re 

ratios  on  the  order  of  1.1  or  lower.  Considerations  will  also 
be  made  to  generate  continuously  varying  and 

conditions,  rather  than  step  change  ,  ^ 

use  of  an  acoustic  driver.  If  employed,  such  a  device  win 

provide  considerable  information  describing  the  ^*^® 

disturbance  wave  form  on  the  droplet  break  up  and  distribution 

process. 

^Optical  diagnostic  techniques,  such  as  those  described  m 
the  Measurement  Technology  section,  will  be  studied  with  ® 
focus  toward  employing  one  or  more  technique  to  acquire 
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quantitative  data  describing  dropiet  breakup  in  a  supercritical 
environment.  Of  particular  interest  is  a  time-dependent 
measure  of  the  spatially-distributed  concentration  of  droplet 
fluid  following  a  flow  field  disturbance.  Techniques  which 
provide  a  means  of  acquiring  an  instantaneous  image  of 
concentration  will  be  the  focus  of  this  Investigation. 

Task  III  .  c 

UTRC  will  attempt  to  provide  quantitative  measurements  of 

the  droplet  fluid  distribution  process  resulting  from  the 
influence^ of  an  acoustic  pulse  on  droplets  ® 
environment.  This  task  will  be  an  integration  of  the  use  of  the 
facility  as  in  Task  I  with  measurements  using  the  techniques 
developed  in  Task  II.  The  measurements  will  be  of  limited 

scope  in  terms  of  droplet  conditions,  but  will  provide  a 
demonstration  of  the  measurement  techniques  and  a  set  of 
results  which  will  describe  the  droplet  breakup  process. 


Payoff 

The  completion  of  this  program  should  provide  two  basic 

results.  It  will  define  diagnostic  techniques  applicable  to  the 
evaluation  of  supercritical  droplet  and  spray  systems.  The 
intent  is  to  develop  techniques  applicable  to  understanding  the 
problems  associated  with  instabilities  in  liquid-fueled  /^ocket 
engines.  However,  these  diagnostics  will  have 

applicability  for  developing  an  understanding  of  other  droplet 
and  spray  processes. 

The  second  result  of  this  program  will  be  the  application 

of  techniques  for  the  measurement  of  fluid  mixing  properties, 
in  critical  and  supercritical  conditions;  an  important  step  for 
understanding  instabilities  associated  with 
rocket  engine  operation.  The  measurements  should  be  capable  of 
describing  mixing  of  supercritical  droplet  injectants  or 
progression  of  the  critical  surface  within  a  subcritical 

droplet  in  a  supercritical  environment.  These  results  should  be 
valuable  in  understanding  the  stability  processes  occurring  in 
combustors  operating  at  or  above  the  critical  conditions. 
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